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Abstract 
The application of quantitative structure activity relationships to phase transfer catalysis 
(PTC) has been explored. The primary focus was on hydroxide-initiated PTC reactions, such as 
enolate alkylations. 
The tandem [4+2]/[3+2] cycloaddition of nitroalkenes was applied as the key 
transformation in the preparation of enantioenriched, tricyclic 1-hydroxy-cyclopentapyrrolizidine 
ring systems. A three-step parallel synthesis procedure was developed to prepare libraries of 
quaternary ammonium ions sharing a common core scaffold. In total, 80 quaternary ammonium 
bromides were prepared in this way. A kinetic method for the analysis of liquid-liquid PTC 
reactions was refined. The kinetic profile for an enolate alkylation reaction was determined for 
102 different quaternary ammonium bromides catalysts under a standard set of conditions. The 
data ranges over three orders of magnitude in catalyst activity. 
QSAR models were developed to describe the activity of the catalysts. Three types of 
models were considered: (1) linear combinations (2) parabolic combinations, and (3) bilinear 
combinations. The models that best account fit the catalyst activity data and retain the smallest 
number of descriptors included parabolic or binlinear contributions from logP and XSA (XSA = 
cross-sectional area). Analysis of the model in the context of an interfacial mechanism led the 
hypothesis that the largest differences in catalyst activities were due to the sum of the interfacial 
adsorption and desorption rate constants. 
This hypothesis was tested by comparing the rate constants for the stoichiometric 
alkylation of quaternary ammonium phenoxides to the catalytic rate constants for a series of Td 
symmetric homologous.  It is suggested that the hypothesis could be tested further by measuring 
the surface activity of the catalysts at the interface of a water-organic biphasic mixture. 
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The Mullah Nasruddin’s neighbor came home to see Nasruddin out in the street 
searching frantically.  “What are you searching for, Mullah? He enquired.  “I’ve 
lost my house key” replied Mullah.  Being a good neighbor, he joined Nasruddin 
in the search.  The neighbor eventually asked, “Do you know where the key was 
lost.”  “I lost the key in the house,” replied Mulla. “Then why are you searching 
for it in the street?” posed the neighbor. “Because there is more light here.” 
replied the Mulla. 
-Iries Shah, Expoits of the Incomparable Mulla Nasruddin 
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 Introduction Chapter 1 
 
1.1. Phase Transfer Catalysis 
Organic chemists are in constant search for faster, simpler, and cheaper preparative 
methods.
1
 Phase transfer catalysis (PTC) embodies these ideals by facilitating the replacement of 
strong bases such as alkali metal hydrides and alkali metal amides with water soluble, alkali 
metal hydroxides.  PTC has been broadly defined as a technique for conducting reactions 
between two or more reagents in two or more phases.
2
 Effective phase transfer catalysts include 
quaternary ammonium ions, quaternary phosphonium ions, polyethene glycol ethers, crown 
ethers and cryptands (Chart 1.1).  The most commonly utilized PTCs are quaternary ammonium 
ions which are the focus of this dissertation. The most useful and extensively investigated PTC 
reaction types to date are those between anionic nucleophiles and neutral electrophiles. In this 
context, the appeal of PTC derives directly from its operational simplicity, cost benefit, and, by 
definition of catalysis, increased rate of reaction in comparison to reaction in the absence of a 
phase transfer reagent (catalyst). 
 
Chart 1.1. Summary of effective phase transfer catalysts. 
2 
1.1.1. Seminal Reports on PTC 
“When there is no explanation, then give it a name, which immediately explains 
everything.” -Martin H. Fischer 
The conceptual origins of PTC can be traced back to the independent research of three 
different groups, namely, M. Makosza, A. Brändström, and C. M. Starks (Scheme 1.1). During 
the 1960’s a number of reports appeared that employed utilizing similar procedures involving 
phase transfer phenomena and the use of quaternary ammonium ions.
3
 Makosza investigated a 
number of enolate alkylations and cyclopropanations under biphasic conditions and used the 
terms ―catalytic two-phase reactions,‖ ―catalytic alkylation of anions,‖ and ―catalytic generation 
of carbenes.‖4 Brändström approached the topic from a more analytical perspective and 
developed a number of ―preparative ion pair extraction‖ and ―extractive alkylation‖ protocols 
utilizing stoichiometric amounts of quaternary ammonium ions.
5
 It was not until Starks 
disclosure coining the term ―phase transfer catalyzed‖ alkylation of sodium cyanide that a 
unifying scheme and concept was born out.
6
 Perhaps most importantly, along with demonstration 
of preparative utility, Starks proposed a mechanism, the key of which involved a phase transfer 
event. This practical, somewhat phenomenological definition has stuck and remains the preferred 
nomenclature for this type of reaction. 
Scheme 1.1. 
 
3 
1.1.2. A Summary of the Formative Investigations of PTC. 
Following Starks initial report on PTC there was a Cambrian-like explosion of 
investigations concerning PTC (Figure 1.1a).
7
 In a short period, the rate of publication 
concerning PTC rose to ~400 per year.
8
 During this time the scope and synthetic utility of PTC 
was broadened extensively and it was quickly established that a myriad of reaction types could 
be accelerated by the addition of a phase transfer catalyst.  The reaction types that have proven 
particularly useful under PTC range from simple oxidations and reductions to phosphonium ylide 
(and phosphonate) olefinations, halogenations, cyclopropanations, elimination, nucleophilic 
additions, nucleophilic substitutions, and enolate alkylations.
9-14
 A key report that helped to 
shape the field of PTC into what it is today was on the enantioselective alkylation of an enolate.
15
 
The prospect of a general, catalytic, enantioselective method to perform reactions that require 
strong base has generated a resurgence of interest in PTC, in particular enantioselective, or 
asymmetric phase transfer catalysis (APTC) employing chiral, non-racemic, quaternary 
ammonium ions (Figure 1.1b).
16 
 
Figure 1.1. (a) The number of publications on phase transfer catalysis per year. (b) The number 
of publication on asymmetric phase transfer catalysis per year. 
4 
1.1.3. The Utility of PTC 
Of the numerous types of reactions that are amenable to PTC, the most synthetically 
useful and advantageous for process scale-up are those that make C-N, C-O, and C-C, bonds.
17,18
 
Specifically, aliphatic nucleophilic substitution reactions employing nitrogen, oxygen, or carbon 
nucleophiles in combination with carbon electrophiles constitute the majority of the most 
synthetically useful reactions amenable to PTC.
18
 The synthetic utility of PTC for alkylation 
reactions derives directly from its operational simplicity in comparison to alternative procedures. 
A comparison of phase transfer conditions and more traditional, uncatalyzed, conditions are 
given in (Table 1.1). The three representative alkylation reactions are arranged in order of pKa of 
the substrate (lowest to highest), from cyanide (a, pKa = 9.4)
19
 to phenol (b, pKa = 18.0)
20
 to an 
-aryl nitrile (c, pKa < 25) and will be discussed individually.21,22 
The first example, the alkylation of cyanide, is one of the simplest and most powerful 
carbon-carbon bond forming reactions in organic synthesis.
23
 Sodium or potassium cyanide 
readily displaces aliphatic halides and sulfonates in a matter of minutes, when a polar aprotic 
solvent is employed (e.g. dimethyl sulfoxide (DMSO), dimethylformamide (DMF), 
hexamethylphosphoramide (HMPA), etc.).
24,25
 Being the prototypical SN2 reaction, in the 
absence of a polar aprotic solvent reaction times increase many orders of magnitude, to the point 
where the reaction is no longer synthetically useful.
26,27
 Under PTC conditions, with 1 mol % of 
phase transfer catalyst (tetraoctylammonium bromide), and no additional solvent, the 
displacement of alkyl halides by sodium cyanide occurs in a matter of minutes.
6
 In the control 
reaction, without the catalyst, little to no reaction occurs over the course of days, save for some 
decomposition of the electrophile. The origin of the dramatic increase in reaction rate was 
initially attributed to the extraction of the cyanide ion into the organic phase in the form of a 
5 
quaternary ammonium●cyanide ion pair. The mechanism of this type of PTC will be discussed in 
a more detailed manner in the next section (Section 1.1.4).  
The other two reactions, the alkylation of phenol and the alkylation of a -aryl nitrile are 
different because the substrate is deprotonated in situ. Traditional conditions for performing 
reactions of this type involve the stoichiometric deprotonation of the substrate with a strong base 
(pKa ≥ 30), followed by addition of an electrophile.
28
 Under PTC conditions, aqueous hydroxide 
bases or carbonates can be used in place of hydride or amide bases. Also, under PTC conditions 
a polar solvent is not required. In fact, often, little to no solvent is required, but rather, can be 
chosen to facilitate the ease of product isolation. The characteristics of PTC reactions, their 
intrinsic ―green nature‖ and potential for extension to asymmetric variants (APTC) make them 
especially attractive alternatives to procedures that use polar, water-miscible solvents in 
combination with strong bases.
29
 
The preparative advantages of PTC do not come without a cost. Along with the 
preparative advantages of PTC come mechanistic complications arising from interfacial transport 
and non-covalent ion pairing that make PTC a difficult catalytic system to study. Alternatively 
stated, the catalytic cycle of PTC necessarily involves at least one physical phenomenon (or 
step), distinguishing it from homogenous catalysis where the entire catalytic cycle is comprised 
of chemical steps. The proposed mechanisms of PTC will now be presented. The three reactions 
in Table 1.1 will serve as examples and be presented in that order in the next section. 
  
6 
Table 1.1. A comparison of phase transfer conditions and more traditional and PTC conditions 
for some alkylation reactions  
 
1.1.4. Mechanisms of PTC: Extraction and Interfacial 
It has been shown that a number of subtly distinct mechanistic schemes are operative in 
different PTC reactions. In the simplest example from Table 1.1, with a preformed water soluble 
nucleophile such as sodium cyanide, Starks originally proposed the mechanism as outlined in 
Figure 1.2.
30
 The observed catalytic effect was proposed to be the physical extraction (or 
transfer) of the anionic nucleophile to the organic phase and thus, was subsequently termed the 
extraction mechanism.
 
In the extraction mechanism, the substrate anion (NC
-
) and product anions 
(X
-
) are formally distributed between the aqueous and organic phases as quaternary ammonium 
(Q
+
) ion pairs. The bond forming reaction (k3) occurs in the organic phase, is the only 
irreversible step, and is the rate-determining step. Evidence to support this mechanistic proposal 
include a first order dependence on substrate, catalyst, and alkylating agent as well as, an 
observable steady-state concentration of the ammonium●substrate ion pair in the organic 
phase.
30,31
 Furthermore, more lipophilic catalysts tend to perform better than hydrophilic ones. 
Some modifications have been proposed, wherein the ammonium●halide to 
ammonium●substrate ion pair exchange equilibrium (K1) occurs in the interfacial space, to 
account for the catalytic activity of catalysts that have no appreciable aqueous solubility.
32-36
 
7 
However, in general, this mechanistic outline has been supported by numerous subsequent 
investigations.
37,38
 
 
Figure 1.2. The extraction mechanism of phase transfer catalysis. See Table 1.1 for the full 
details of reaction conditions. 
The next example from Table 1.1 is the alkylation of phenol (pKa = 18) under biphasic 
conditions, in the presence of an aqueous hydroxide base. The use of a neutral substrate in 
combination with an aqueous base under PTC conditions is termed hydroxide-initiated PTC.
39
 
The mechanism of hydroxide-initiated PTC reactions is more complex (even controversial) than 
the extraction mechanism. The complexity arises from being able to distinguish: (1) where the 
substrate is deprotonated, (2) whether the catalyst is involved in the deprotonation step (3) where 
the substrate●ammonium ion pair is generated, and (4) how the substrate●ammonium ion pair is 
transferred to the organic phase. The subject has been thoroughly reviewed from both 
chemical
40,41
 and engineering
42,43
 perspectives. In the simplest scenario, the introduction of an in 
situ deprotonation only adds pre-equilibrium steps to the catalytic cycle (K1,K2, Figure 1.3). The 
PTC alkylation of phenols appears to be characterizable in this way.
44
 For example, the phase 
transfer catalyzed alkylation of phenols is first order in catalyst, electrophile, and substrate 
(PhOH), exactly the same as the cyanide alkylation.
45
 The implication is that the deprotonation 
step (k2) is fast, which is exactly what is expected since the pKa of phenol is much less than 
water (pKa = 32).
46
 However, considerable evidence has been accumulated indicating that ―other 
8 
complicating factors‖ due to interfacial phenomena may be at play in the PTC alkylation of 
phenols.
47-49
 Many reports indicate the formation of a third liquid phase as a result of adsorption 
of the sodium●phenolate ion pair, ammonium●phenolate ion pair, and/or phenol itself to the 
aqueous/organic interface (K1’, Figure 1.3).
50
 There is one report on the purposeful engineering 
of a third liquid phase (termed liquid-liquid-liquid PTC) by the addition of sodium chloride (25% 
by mass) to the aqueous phase.
51
 In this way, a stable, reproducible third liquid phase (TLP) was 
generated with the relative volumes of organic/TLP/aqueous = 50/4/55 cm
3
. Two aspects of this 
sort of study could potentially generate enough information to ascertain the role of the elusive 
TLP. First, no attempt was made to ascertain the composition of the third phase during the 
reaction, which is critical for the analysis of its role. Second, because small reaction volumes 
were utilized, a full equivalent of catalyst (TBAB) was employed so that the TLP would be large 
enough to isolate and characterize at the end of the reaction. Upon completion of the reaction the 
composition was found to be 15% toluene, 30% catalyst (TBAB), 1.5% electrophile (1-
promopentane), 0.8% substrate (2’-hydroxyacetophenone), 1.9% product, and 50.4% water by 
weight. Recently, this work has been independently repeated using substoichiometric amounts of 
catalyst (TBAB, 0.01 to 0.05 equiv).
52
 The protocol is both reproducible and scalable. 
Furthermore, in a series of TLP recycling experiments it was discovered that reactions stopped 
prematurely would generate product in excess of 100% yield upon recycling of the TLP. This 
observation can be explained by the presence of a significant portion of the phenol or phenolate 
anion residing in the TLP. Thus, while Mother Nature has yet to reveal the details of the 
structure of the third liquid phase, at least one relevant to hydroxide-initiated PTC reaction, there 
is little doubt that such a space exists. Because significant ambiguity exist about the exact nature 
of the space between the organic and aqueous phases under PTC conditions, the terms interfacial 
9 
space or just interphase will be utilized for the remainder of this document. To summarize, the 
alkylation of phenol like nucleophiles is ―well behaved‖ enough to be explained by the extraction 
mechanism, but there are likely more subtle characteristics of this reaction class, due to 
interfacial adsorption/desorption equilibria (K1’, Figure 1.3). 
 
Figure 1.3. Schematic representation of the hydroxide-initiated PTC alkylation of phenols. 
The final example from Table 1.1 is the hydroxide-initiated PTC alkylation of an -aryl 
nitrile (18 < pKa <25) under biphasic PTC conditions, which is meant to be a representative 
enolate alkylation. The C-alkylation of carbonyl compounds was first reported by Makosza.
53,54
 
Early investigations indicated that hydroxide-initiated PTC reactions of this type could not be 
explained by the extraction mechanism.
55
 The inconsistencies identified were: (1) a detectable 
background reaction in the absence of catalyst (2) a strong dependence on stir-rate, (3) a strong 
inhibitory effect of iodide anions, and (4) an undetectably small amount of hydroxide ion in the 
organic phase. These observations led Makosza to proposed an interfacial mechanism (a). In the 
initially proposed interfacial mechanism the substrate (S-H) and quaternary ammonium catalyst 
are in equilibrium between the organic phase and the interfacial region. Similarly, the inorganic 
base (M
+
OH
-
) is in equilibrium with the aqueous phase and the interfacial region. The inorganic 
base facilitates deprotonation of the substrate, which may then exchange with the quaternary 
10 
ammonium (Q
+
) to generate the key active species (S
-
Q
+
). The substrate●ammonium ion pair 
then dissociates from the interface, into the organic phase where it may react. Subsequent kinetic 
studies on a variety of substrates (pKa > 18, DMSO) have shown that quaternary ammonium 
ions can accelerate the rate of deprotonation of carbon acids.
56-61
 The relative rates of deuterium 
exchange for -phenylacetonitrile, with and without catalyst were 132/1, for example.62 The 
results clearly indicate that the catalyst influences the rate of substrate deprotonation and 
provides support for a second, modified interfacial mechanism (Figure 1.4b).
63
 The major 
modification is that the quaternary ammonium halide (Q
+
X
-
) is in equilibrium with the 
quaternary ammonium hydroxide (Q
+
OH
-
), which acts as the base that actively deprotonates the 
substrate. 
 
Figure 1.4. Schematic representation of the interfacial mechanism(s) of phase transfer catalysis. 
(a) The Makosza interfacial mechanism. (b) The modified interfacial mechanism. 
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1.1.4.1. Summary of PTC Mechanisms 
Overall, two distinct mechanistic proposal for PTC reactions have been put forth, namely, 
the extraction and interfacial mechanisms (Table .1.2). Both mechanisms involve three key 
features: (1) deprotonation of the substrate, (2) solvation of the substrate conjugate base in the 
organic phase, and (3) reaction of the anionic substrate-quaternary ammonium ion pair with an 
electrophile. Significant support exists for both mechanistic proposals. It is likely that a 
continuum of operative mechanisms that is dependent on specific reaction, catalyst and 
conditions. The current understanding of hydroxide-initiated PTC reactions, the primary concern 
of this dissertation, is that the interfacial mechanism is operative when the pKa of the substrate is 
between ~18-25 (DMSO scale). More acidic substrates are rapidly deprotonated by hydroxide 
and tend to require complete extraction of the substrate anion to the organic phase for reaction. 
Less acidic substrates are more slowly deprotonated and the resultant anions react at a greater 
rate and do not require complete extraction to the organic phase. The results suggest the 
existence of a mechanistic continuum that is strongly dependent on substrate pKa and catalyst 
structure.
38,63,64
 
  
12 
Table .1.2. Summary of the PTC Reaction Parameters Indicative of the Different Mechanisms of 
PTC 
Reaction 
Parameter 
Extraction 
Mechanism 
Interfacial 
Mechanism 
Quat Structure 
Lipophilicity 
#C 
Electrostatic 
Availability (q) 
stirring  
speed 
small large 
reaction,  
kinetic character 
simple complicated 
catalyst, 
kinetic character 
first fractional 
aqueous phase 
ionic strength 
strong dependence
a 
substrate acidity pKa ≤ 18 18 ≤ pKa 
a 
Small changes in base concentration or ionic strength of the aqueous phase 
may result in changes in mechanism. 
 
1.1.4.2. Guidelines for the Design of Active Catalysts. 
The quaternary ammonium ion catalyst is obviously the most critical element of a PTC 
reaction, and as is the case for any catalytic reaction, the selection of the ―optimal‖ catalyst is 
crucial.
65,66
 The fact that (at least) two possible mechanisms exist, in combination with the 
possibility of many ―off-cycle‖ pre-equilibria, all of which are a function of substrate and 
catalyst combination, has made identifying simple structure activity relationships difficult.
67
 For 
reactions strictly following an extraction mechanism (e.g. SN
2
 displacements with N3
-
, CN
-
, X
-
, 
etc.) catalyst activity correlates well with lipophilicity.
68-72
 No such generalizable structure 
activity relationships exist for hydroxide-initiated PTC reactions. 
For hydroxide-initiated PTC reactions small hydrophilic ammonium ions are often 
superior catalysts, which is a compounding source of confusion. For example, 
triethylbenzylammonium, a small hydrophilic quaternary ammonium ion is an efficient catalyst 
for a myriad of PTC enolate alkylations (e.g. nitriles, esters, ketones…etc.).73,74 One approach 
13 
has been to correlate a macroscopic observable such as interfacial surface tension to catalytic 
activity which unfortunately does not address the question of what catalyst attributes confer high 
activity.
75,76
 In the most advanced SAR to date, the ammonium ion accessibility (or size) and 
solubility were varied simultaneously and the most active symmetrical catalyst for alkylations 
was tetraethylammonium bromide. A useful quantitative correlation of structure to catalyst 
activity was subsequently derived, namely the structural parameter, q (Eq. (1.1).
77
 The q 
parameter is defined as the sum of the reciprocals of the number of carbons on each chain.
78
 For 
hydroxide-initiated PTC reactions, such as the alkylation of enolates, q values between 1.5 and 
2.0 are optimal. This analysis is useful for simple quaternary ammonium ions containing only 
alkyl chains (C1-4) but extension to catalysts containing functional groups, changes in 
hybridization, rings, branch points, or stereogenic centers has not been reported. 
 
  
 (1.1) 

 

4
1 1
1
i in
q
 
where, Cn is the number of carbons in Ci: 
  
14 
1.1.5. Proposed Origins of Catalytic Activity: Solubility and Charge Separation 
Catalysts work by increasing the rate of a reaction without modifying the overall standard 
Gibbs energy change of the reaction.
79
 In PTC, two rationalizations are proposed for the rate 
enhancing ability of quaternary ammonium ion catalysts. In the first rationalization, the catalyst 
increases the reaction rate by facilitating the transport of the nucleophile to the organic phase 
(∆G‡), effectively, decreasing the transition state energy for aqueous to organic phase transfer 
(compare Figure 1.5 to Figure 1.5c).
80
 In the second rationalization, the catalyst increases the 
reaction rate by generating a highly active nucleophile, effectively, by increasing the ground 
state energy (Go) relative to the background reaction (compare Figure 1.5b to Figure 1.5d).
81
 It is 
important to note that the proposed actions of the catalyst are on two different steps of the 
catalytic cycle. The nucleophile solvation proposal invokes an increase in the rate of the aqueous 
to organic phase transfer while the nucleophile activation proposal invokes an increase in the rate 
of the bond forming step. Quaternary ammonium ions can affect both the chemical reaction 
step
82
 and the phase transfer step (see sections 1.1.4.2).
83
 The rate acceleration by phase transfer 
constitutes a transition state lowering event, thus is straightforward to rationalize in the context 
of catalysis. Rate acceleration by charge separation is commonly invoked to rationalize 
differences in stoichiometric reactivity
84
 but is more difficult to rationalize in the context of 
catalysis.
85
 In principle, such a phenomena should be possible, only if, a transition state lowering 
effect is brought about by substrate binding to the quaternary ammonium ion.
86,87
 The origin of a 
transition state lowering effect by nucleophile dehydration has been suggested.
88,89
 Currently, 
there is not enough data available to know what the relative contributions of anion activation and 
anion transport are to the net catalytic activity of quaternary ammonium ions. Each of these 
phenomena will be treated on a more quantitative level in Chapters 3 and 4.  
15 
e  
Figure 1.5. Reaction coordinate diagrams representing the proposed catalytic activity of 
quaternary ammonium ions (a) the uncatalyzed background reaction (b) uncatalyzed, 
―nucleophile activation‖ background (c) catalysis by lowering the aqueous to organic transition 
state (d) catalysis by increasing the reactivity of the nucleophile (e.g. desolvation, charge 
separation…etc.)  
 
1.1.6. Asymmetric Phase Transfer Catalysis (APTC) 
In the pantheon of strategy-level, asymmetric, carbon-carbon bond forming reactions, the 
alkylation of enolates and metalloenamines enjoys preeminent status. The edifice of information 
on the structure and reactivity of enolates and especially on the site- and diastereoselectivity of 
their alkylation reactions is immense.
90-96
 Beginning in the 1970’s with pioneering studies by 
Meyers, Koga, Enders, Evans, and many others since, the introduction of selective and general 
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auxiliary-based methods for the asymmetric alkylation of myriad enolate types have truly 
revolutionized the practice of organic synthesis.
97-105
 Surprisingly, and in contrast to other 
carbon-carbon bond forming reactions of enolates, an equally general and selective process for 
catalytic enantioselective alkylation remains elusive. A moment’s reflection on the well-
established control elements in auxiliary-based asymmetric alkylations reveals the challenges 
associated with elevating this transformation to the catalytic domain. Unlike the aldol, Mannich, 
Michael and related reactions of enolates, the alkylation reaction does not involve a highly 
organized transition structure containing the enolate, alkylating agent and stereocontrol element. 
In essentially all cases, the enolate geometry is set, rotational degrees of freedom are constrained, 
and the auxiliary controls the approach of the alkylating agent to one of the diastereotopic half-
spaces defined by the enolate plane.
98
 Moreover, the intrinsically slower rate of alkylation 
(compare to e.g. aldol and Michael reactions) requires the use of more reactive enolates and 
metalloenamines (from alkali metals) and strong bases to generate them. This requirement leads 
to a host of obvious incompatibilities and challenges that have thwarted the implementation of 
similar stereocontrol elements under ―catalytic conditions‖. 
Nevertheless, notable successes have been achieved that represent creative solutions to 
some of the challenges described above.
106-108 
These methods employ different strategies for 
achieving enantiodifferentiation of a prochiral enolate and are summarized in Figure 1.6. A 
catalytic alkylation of cycloalkanone lithio enolates has been cleverly engineered using a chiral 
triamine ligand (5 mol %) together with an achiral diamine.
109-110119
 Chiral ligand development 
has also facilitated a number of transition-metal catalyzed carbon-carbon bond forming reactions 
such as (1) asymmetric alkylation of ketone-derived tributyltin enolates in the presence of 
chromium(salen) complexes,
120,121
 (2) asymmetric -aryl and -alkenylation of variety of 
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carbonyl compounds under palladium catalysis with sterically-hindered, chiral phosphine and P-
N ligands,
122-126
 and (3) asymmetric dimethoxymethylation of N-acylthiazolidinethiones with an 
orthoester under catalysis by a nickel(BINAP) complex.
127
 By far, the largest family of catalytic 
asymmetric alkylations is the nucleophilic capture of -allylmetal complexes (Pd, Mo, Rh, Ir) by 
enolates. Here, the enantiodifferentiating step can be enantiotopic enolate face selection or 
enantiotopic electrophile site selection or even enantiotopic leaving group selection (and 
combinations thereof). Many different variations on this theme have been developed and 
extensively reviewed.
128-132
 
 
Figure 1.6. Strategies for asymmetric alkylation of carbonyl compounds. 
Despite the explosive growth of asymmetric enamine catalysis, enantioselective 
alkylations are conspicuously absent. One report of intramolecular alkylation of an enamine 
generated from a proline derivative is on record, but extension to intermolecular versions is 
unknown.
133
 Perhaps the most imaginative extension of enamine catalysis for alkylation-type 
reactions is the enantioselective allylation, enolation, vinylation and arylation of aldehydes via 
the intermediacy of chiral enaminium radicals.
134-137 
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The final strategy in Figure 1.6, and the origins of interest in the research in this 
dissertation, is the use of chiral counter ions in asymmetric phase transfer catalysis (APTC) with 
chiral quaternary ammonium ions. The catalytic enantioselective alkylation of enolates has been 
extensively investigated in the context of APTC.
9-18,138141
 In a landmark publication, the Merck 
Process Group reported the enantioselective alkylation of an indanone under PTC conditions 
employing an N-4-trifluoromethylbenzyl cinchona alkaloid derivative (Scheme 1.2).
142-144
 Their 
detailed optimizations revealed a number of useful insights: (1) the use of a non-polar, 
polarizable solvent such as benzene or toluene was critical to achieving high enantioselectivity, 
(2) the enantioselectivity exhibited a small temperature dependence, while the reaction rate 
exhibited a large temperature dependence and (3) the presence of electron withdrawing groups 
on the N-benzyl substituent resulted in enhanced enantioselectivities.
142 
A second critical advance appeared in 1989 when O’Donnell demonstrated the selective 
alkylation of glycine imines under similar conditions (Scheme 1.2).
145-147
 The development of 
this alkylation method required optimization of the substrate and careful tuning of the reaction 
conditions to suppress hydrolysis of the ester and epimerization of the alkylated product. 
O’Donnell’s alkylation has proven to be an operationally simple method for -amino acid 
synthesis and has since served as a benchmark for the development of new asymmetric phase 
transfer catalysts.
148
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Scheme 1.2. 
 
 In the intervening 20 years many variations of cinchona alkaloid catalysts have been 
reported. The first notable advances were from independent studies by Lygo
149-152
 and 
Corey,
153,154
 in which the incorporation of a 9-anthracenylmethyl moiety as the nitrogen 
substituent markedly improved the enantioselectivity (Chart 1.2). Analogously, Park and Jew 
developed a tri-fluorinated N-benzyl quaternary ammonium catalysts
155
 and dimeric, meta-
bridged cinchoninium catalysts.
156
 In recent years, Maruoka and Ooi have introduced a large 
number of novel, non-cinchona alkaloid catalyst systems based on a binaphthyl scaffold which 
allows introduction of substituents in the 3,3’ positions.157-160 Similarly, employing an in situ 
generation and screening process, Lygo has discovered a useful locally C2 (at the nitrogen) 
symmetric catalyst.
151
 Shibasaki/Ohshima,
161-163
 Sasai,
164
 Arai/Nishida,
165,166
 and others have 
independently developed two-centered (and higher) APTC’s by incorporation of quaternary 
ammonium ions, about a Cn axis. In addition to extensive catalyst development, significant 
advances in other typically strong-base-promoted reactions have been recorded including double 
alkylation of glycine imines, ketone alkylations, Michael, aldol, Mannich, and Darzens reactions 
as well as epoxidations and aziridinations.
138-141,167 
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Chart 1.2. A summary of the most useful (enantioselective) quaternary ammonium ion derived 
phase transfer catalysts. 
 
1.1.6.1. Limitations of Current Technology of APTC 
In principle, APTC should be applicable to many of the strong base promoted reactions in 
organic chemistry (eg. enolate alkylation, aldol addition, anionic rearrangement, etc.). In 
practice, however, there has been limited advancement in the types of successful applications.
148
 
The state of the art of APTC stands at an interesting crossroad. On the one hand, impressive 
advances have been achieved in the ability to execute catalytic reactions that involve reactive 
carbanions and tremendous potential still exists. On the other hand, without testable hypotheses 
about what structural features are dominant in conferring high activity and selectivity to phase 
transfer catalysts, researchers are constrained to make and test catalysts without guiding 
principles to aide in the process. Accordingly, rationalization of activity and enantioselectivity of 
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APTC is currently done ad hoc, with little understanding of the observed trends.
168,169
 This 
dilemma is not surprising. The rates and selectivities of APTC reactions are governed by 
interfacial transport, desolvation, and a host of non-bonded interactions which are difficult to 
study (vide supra). The field of APTC, and PTC in general, is just now beginning to emerge from 
a state of data collection and phenomenological characterization to one of rational, systematic 
analysis. One can only hope that one day, these studies will lead to the rational design of highly 
active and enantioselective catalysts a priori. 
1.2. Quantitative Structure-Activity Relationships 
1.2.1. Introduction: A Comparative Timeline of QSAR and Catalysis 
The majority of this dissertation is concerned with developing quantitative structure-
activity relationship (QSAR) models for phase transfer catalyst activity. Thus, the union of 
quantifying structural effects to catalytic activity and current methods for developing QSAR 
models constitutes a major portion of the scientific background required to follow the results and 
analysis presented in Chapters 3-5. More specifically, an appreciation for the known methods to 
quantitatively encode and analyze the reactivity and activity of organic molecules as catalysts 
and in biological systems is required. 
Evolving from thousands of studies on acidity and basicity, the concept of general acid-
base catalysis was cast in the 1920’s by Brønsted (Figure 1.7).170-173 In the biological sciences, a 
quantitative theory of the toxicity of small molecules was just taking shape. Meyer and Overton 
proposed that toxicity was related to the ability of small molecules to partition between water 
and a lipophilic phase such as olive oil.
174,175
 The next major ―scientific leap‖, for both fields, 
was the formulation of the linear free energy relationship (LFER) by Hammett.
176
 For both 
fields, the few proceeding decades served as a period of hypothesis testing and extension of 
22 
theory.
177
 During this time, Jencks engaged in a systematic experimental approach to the study of 
acid-base catalysis, on which our understanding of specific and general catalysis rests today.
178-
180
 
Nearly half a decade lapsed before Hansch’s seminal report on quantifying the biological 
activity of small molecules employing a parabolic model of logP.
181
 Since then, quantitative 
structure-activity relationships have become an integral part of biological research that is active 
development today.
182
 Advancements in the last two decades include methods for the 
representation and encoding of three-dimensional molecular information
183
 as well as methods to 
automate QSAR model development.
184,185
 Most recently, bilinear models have been suggested 
to supplant the original parabolic model.
186,187
 
Figure 1.7. Timeline of the development of advances in QSAR model development, selection, 
and interpretation with specific emphasis on application to catalysis. 
 
In the following sections, the concepts and methods that make up the QSAR field will be 
built up from general knowledge of physical organic chemistry and catalysis. Because the 
concepts underlying the general formulation of LFERs is fundamental to QSAR methodology, 
catalysis, and pharmacokinetics, a discussion of LFERs is the starting point. 
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1.2.2. Linear Free Energy Relationships, Substituent Effects and the Hammet Equation 
“For even the most sober scientific investigator in science, the most thoroughgoing positivist, 
cannot dispense with fiction; he must at least make use of categories, and they are already 
fictions, analogical fiction, or labels, which give us the same pleasure as children receive when 
they are told the “name” of a thing.” 
-Havelock Ellis 
The Dance of Life 
The LFER concept is part of the bedrock of physical organic chemistry.
188
  Many 
reviews,
189
 mathematically oriented monographs,
190
 and derivations are available in 
textbooks.
191-193 
Unfortunately, a cogent summary of the support structures linking LFER to 
QSAR is hard to come by. Therefore, rather than delve into a barrage of equations, a moment 
will be taken to develop a level of understanding of LFERs, including, what types there are, how 
they are represented mathematically, and most importantly, what interpretations and conclusions 
can be made about the correlation of structure to reactivity. Then, how these concepts have been 
extended to the study of catalyst activity and QSAR will be discussed. Because the field of 
LFERs has a clear starting point, it is a convenient place from which to build-up the concept of 
QSAR. 
Throughout the 1930’s it was repeatedly observed that the reactivity of a series of 
benzene derivatives were of the same order as the corresponding benzoic acids strengths.
194
 
Hammett proposed the correlation could be quantified by a general form of equation relating the 
rate or equilibrium constants of one reaction to another (Eq. 1.2).
195
 Hammett’s general relation 
is what is now referred to as an LFER. 
 
      
  
     (1.2) 
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In Hammett’s proposed general form, k is either the equilibrium or rate constant of the 
reaction being studied relative to a standard substituent (k
o
,
 
typically a hydrogen). The first 
multiplicative terms on the right side of the equation,  is a substituent constant; Hammett 
utilized the acidity of benzoic acid derivatives relative to benzoic acid itself. Then, ρ is the slope 
of the plot of the log(k/k
o
) vs . In the initial proposal, it was meant only to relate 
thermodynamics (K/K
o
) or kinitics (k/k
o
). However, it is useful for our purposes to consider all 
possible permutations of the kinetic-thermodynamic matrix.
196
 Four permutations, or types of 
relationships, can be derived this way (Table 1.3).
197
 
Also, for the purposes of making extension to QSAR models, it is useful to rearrange 
Hammett’s original, compact form to one that more resembles the way that QSAR model 
equations are represented mathematically today. Let B represent the reaction being studied and A 
the standard reaction. Thus, the log of the ratio of the thermodynamic (or kinetic) constants for 
reaction B as the y axis (dependent variable) equals the log of the ratio of the thermodynamic (or 
kinetic) constants for A as the x axis (independent variable). The slope of the plot of y vs x is ρ 
(i.e. = m, in y = mx + c). There are many extensions of the same general form. 
Of the four possible relationships in Table 1.3 the relationship most relevant for 
application to the study of catalytic activity is the rate-equilibrium expression (Eq. 1.3).
198
 The 
relationship between the relative rates of two reactions (Eq. 1.4) has been fundamental to the 
study of solvent effects on reactivity
199
 and establishing an absolute scale for nucleophilicity and 
electrophilicity.
200
 The correlation between two equilibrium constants (Eq. 1.5), can be used to 
relate two ionization constant scales (e.g. pKa).
201,202
 The equilibrium-rate expression (Eq. 1.6) is 
the least useful because kinetic data is more difficult to collect than thermodynamic data. 
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Table 1.3. Summary of the quantitative relationships used to relate differences in reactivity 
through the use of substituents constants,  
equation 
relationship between 
two reactions
 form of LFER energy relationship 
1.3 rate-equilibrium    
  
 
   
     
  
 
   
   G
‡
Geq 
1.4 rate-rate    
  
 
   
     
  
 
   
   G
‡
G
‡
 
1.5 equilibrium-equilibrium    
  
 
   
     
  
 
   
   Geq Geq 
1.6 equilibrium-rate    
  
 
   
     
  
 
   
   Geq G
‡
 
 
A key aspect Hammett’s analysis is that it provids a generalizable method to interpret 
experimental data through the use of linear regression plot. The sequence of steps required to 
apply the LFER analysis is outlined in Figure 1.8. The steps being (a) determine the effect of 
substitution on the equilibrium (K) or kinetics (k) of a standard reaction (b) plot these values 
relative to a substituent, typically hydrogen (H), (c) determine the effect of substitution on the 
equilibrium or rate of a reaction of interest, (d) generate a log-log plot the results to reveal the 
sensitivity of the reaction of substituent effects relative to the standard reaction. Five extremes 
are possible (e), ranging from the same general trend (positive slope, blue) to no substituent 
effect (zero slope, green) to the opposite substituent effect (negative slope, pink). 
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Figure 1.8. Schematic representation of the steps to generate a LFER. Note that c = 0 in all 
cases, for simplicity of presentation. 
 
Probably the most important aspect of LFERs, in terms of extension to QSARs is that 
they are phenomenological. That is, to apply the general method one must accept that 
microscopic interactions exist, but the mechanism of the interaction does not necessarily need to 
be known.
203
 It is the phenomenological aspect of LFERs (and consequently QSARs) that allows 
for them to be used as a discovery tool (see Section 1.2.8). The method has proven to be quite 
general. The substituent constants for a model reaction can frequently predict the order of 
equilibrium (and/or rate constants) of completely different reactions.
204
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1.2.3. Additivity of Group Contributions 
Two types of substitution exist where the Hammett electronic constants ( do not 
successfully predict the order of reactivity of a congeneric series, namely, substitution in direct 
proximity of the reaction center and when the substituents are conjugated with the reaction 
center.
205
 These shortcomings led many researchers to investigate extended forms of the 
Hammett equation to include steric and resonance effects. Taft found that a linear combination of 
substituent constants (Eq. 1.7), representing electronic () steric (s)
206,207
 and polarizability () 
sufficiently accounted for the differences in reactivity of both classes of compounds not 
accounted for by electronic effects alone.
208
 
      
  
           
  etc (1.7) 
The same concept has been extended to include many substituent constants, 
representative of field,
209
 inductive,
210,211
 resonance,
212
 polarizability,
213-215
 steric,
216-219
 and 
solvent effects. Some of the most common substituent constants derived in this way are 
summarized in Table 1.4. Enormous volumes of this kind of data are regularly tabulated and 
available.
220
 The aspect of structural data available for LFER (and QSAR) will be returned to 
later in the descriptor section (Section 0). Most relevant to the extension to QSAR is the general 
form of Equation 1.7, namely a linear equation, in which the contribution of substituents to 
reactivity is treated additively. The additive form of the equations leads to the conclusion that 
steric, polar, electronic, etc. effects are similar in magnitude, and can be treated as adding to the 
energy differences (Geq orG
‡
). This conclusion is somewhat counterintuitive because, for 
example, repulsive interactions are generally considered to change at a greater rate than attractive 
interactions (e.g. r
-12
 vs r
-6
 in the Lennard-Jones potential).
221
 Debate continues today about 
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whether values derived in this way do in fact completely segregate steric, electronic and 
polarizability effects, especially when applied to rate-equilibrium relationship analyses.
222-225 
The broad utility of relationships derived in this way has resulted in their incorporation in 
the physical organic chemistry toolbox and are now referred to as the extrathermodynamic 
approach to relate structure to reactivity.
226227
 Also, utilizing the sum of substituent constants is 
referred to as the additivity rule.
228229
 Extended forms LFERs have primarily been used to study 
structural effects on reactivity, and similar relationships have been sued for the study of catalytic 
activity. 
 
Table 1.4. Commonly used substituent constants applied in LFER analyses. 
researcher 
dependent 
variable, x
a 
interaction 
perturbed 
Hammett  electronic 
Taft s
steric repulsion 
polarizability 
Charton v steric repulsion 
Swain-Scott n nucleophilicity 
Winstein and 
Grunwald 
Y 
solvent 
polarity 
a.
 in y = m1x1 + m2x2 ….+ mnxnc. 
1.2.4. Application of the LFER Concept to Catalyst Activity. 
The most advanced analyses of catalysis that make use of the LFER concept are studies 
on catalysis with acids and bases. The Brønsted laws of acid and base catalysis relate the 
observed rate constant k to the acidity Ka (for acids) or basicity Kb (for bases) of the catalyst and 
are summarized in Table 1.5. The two sets of equations (Table 1.5 vs Table 1.3) are very similar. 
Like LFERs, the relationship takes the form of a linear equation (y = mx + c). Also, the same 
general experimental methods as LFER analyses are applicable to the study of catalysis (Figure 
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1.9). The difference between the analysis of reactivity and catalytic activity is that the increase in 
reaction rate as a function of catalyst structure is compared to the background reaction. Under 
such conditions, with the same substrate, the net free energy change of the reaction (Grxn) is 
constant, unlike in a study of stoichiometric reactivity. There are many examples that conform to 
the linear treatment originally proposed.
230
 However, over a broad range of catalyst activity 
(acidity or basicity) some curvature is typically observed.
231,170
 
 
Table 1.5. The Brønsted Catalysis Laws and their energetic relationship s.
232
 
equation 
catalysis laws form of equations 
relationship 
between 
two reactions
 
energy 
relationship 
(1.8) 
general acid 
catalysis 
               rate-equilibrium G
‡
Geq 
(1.9) 
general base 
catalysis 
              rate-equilibrium G
‡
Geq
 
 
 
Figure 1.9. Schematic representation of the Brønsted catalysis laws. (a) The background 
reaction. (b) The catalyzed reactions relative to the background reaction. (c) Representative log-
log plots of kobs vs catalyst ionization constant K. Note that c = 0 in all cases, for simplicity of 
presentation. 
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1.2.5. Specific and General Acid-Base Catalysis. 
The frequently observed curvature in acid-base catalysis has been probed by systematic 
study of many carbonyl addition reactions.
233-236
 The terms specific-acid, specific-base, general-
acid, and general-base catalysis are used to rationalize the curvature phenomena. For clarity, a 
few definitions must be reiterated. Specific catalysis results when the active catalyst is the 
hydrogen ion, H
+
, or hydroxide ion, OH
-
. General catalysis results when the active catalyst is the 
buffer component. A good experimental probe to test for specific or general catalysis is to 
measure the relative rates of reaction (kobs), as a function of pH of the media, taking care to 
maintain a constant ionic strength by employing a buffered reaction medium. 
 
Figure 1.10. The distinctive rate-equilibrium relationships for (a) pink = general acid catalysis 
and blue = general base catalysis. (b) a combination of acid and base catalysis, where some 
optimum in kobs is observed as a function of pH. 
A Brønsted-like plot of log(kobs) vs pH generates two distinct patterns depending on 
whether acid (—) or base (—) catalysis is operative (Figure 1.11a).237 In cases where both 
general acid and general base catalysis are operative, then some optimum pH will be found 
(Figure 1.10b). By way of example, the results for the reaction of hydroxylamine with acetone 
over a pH range of two to seven are shown in Figure 1.11.
238
 A maximum in the catalytic rate 
constant observed as a function of pH of the medium. A parabolic fit of the experimental data is 
shown in Figure 1.11c. On the left side of the parabola the reaction rate is accelerated by an 
31 
increase in the hydroxide ion concentration and on the right side of the parabola the reaction is 
accelerated by an increase in the hydronium ion concentration. It is proposed that over the pH 
range of two to six, a transition from general acid catalysis to general base catalysis takes 
place.
239
 At this point it should be emphasized that a break in a LFER can be interpreted as ―a 
change in rate-determining step or change in mechanism.‖240 This example will be used returned 
to in the non-linear QSAR section (Section 1.2.6).  
 
Figure 1.11. (a) The reaction of acetone and hydroxylamine. (b) A log-log plot of the observed 
rate (kobs) vs pH of the media (c) A parabolic fit of the observed rate . 
 
1.2.6. Quantitative Structure-Property Relationships. 
The extension of the extrathermodynamic approach to the study of physical properties, 
rather than chemical reactivity, initiated an entire field of biological and biochemical research 
rooted in application of physical organic chemistry techniques.
205,241
 Hansch was able to 
systematically construct equations that sufficiently described the biological activity of 
structurally related small molecules by combining multiple substituent constants in a single 
equation. In so doing, Hansch defined the anatomy of a functional QSAR equation that has not 
changed for fifty years (Eq 1.10). For biological QSAR equations the dependent variable, y, is 
taken as the log of the molar concentration of a drug to produce a given response. The reciprocal 
is used because smaller concentrations (lower doses) are better. This term is followed by a series 
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of constants, one for each parameter in the equation. Initially, most parameters were common to 
LFER analysis, such as the original electronic parameter (σ). By defining a new substituent 
constant for lipophilicity () Hansch defined a quantitative way to systematically encode 
solubility, and thus, drug availability.  
 
  (Eq. 1.10.) 
 
Furthermore, Hansch proposed that the effective concentration of a drug could be 
modeled by its partition coefficient (logPo/w) and that some optimum solubility should exist 
(Figure 1.12a, b). The hypothesis was that for a drug to reach its target it had to cross many 
lipophilic and aqueous barriers (Figure 1.12a), thus some optimum should exist, else the drug 
would be retained at one of these barriers. That is, just as with general acid-base catalyst activity 
as a function of -log(H
+
) (Figure 1.11b, c), drug activity would pass through a maximum as a 
function of solubility. Extending this theory to a quantitatively testable one, Hansch proposed a 
parabolic model using the thermodynamic partition coefficient between octanol and water (Po/w = 
[octanol]/[water]) as a model system to equate drug activity to solubility. Both the solubility 
model system and the parabolic model are still used today. Application of a parabolic model 
initiated the inclusion of non-linear equations in QSAR analyses.
242
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Figure 1.12. (a) Schematic representation of the distribution and binding events of a drug. (b) 
correlation of the drug activity to logPo/w. (c) The square of the regression The black line is a 
parabolic fit. The pink line is a bilinear fit. 
 
1.2.6.1. Non-Linear Regression in QSAR 
On a mathematical level, the hypothesis for application of a parabolic dependence of drug 
activity on logP is that the partition coefficient, P, is a reflection of a kinetic phenomenon (G
‡
) 
such that logP could be expressed as log(k1xk2) where k1 is the rate constant for aqueous to 
organic phase transfer and k2 is the rate constant for organic to aqueous phase transfer (Figure 
1.13).
243
 This hypothesis has been rejected. It is now accepted that logP is better expressed as 
log(k1/k2) ≈ logP. The analyses supporting the latter and inconsistent with the former definition 
are a combination of kinetic modeling
244-246
 and experiment.
247
 The experimental data most 
pertinent to the research reported herein is the determination of the phase transfer rates of 
homologous quaternary ammonium ions via a three phase apparatus (Figure 1.13a-c). The kinetic 
data for the phase transfer rates is well fit by a bilinear rate-equilibrium type relationship where 
the assumption is that P = k1/k2 (Eq.s 1.13, 1.14). Moreover, the sum of the kinetic rate constants 
can be expressed as a function of the thermodynamic partition coefficient (Eq. 1.15) and results 
in nearly identical results as the parabolic model (compare r
2
 values in Figure 1.13). 
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Figure 1.13. (a) Experimental setup to simultaneously determine the kinetic transfer rates (k1, k2) 
and thermodynamic solubility (log(Po/w)) of the series of quaternary ammonium ions, 
(CH3(CH2)n)4N
+
Br
-
, from n = 3-11. (b) A log-log plot of the individual kinetics rate constants of 
phase transfer vs the differences in thermodynamic solubility (c) A log-log plot of the sum of 
kinetic rate constants vs the differences in thermodynamic solubility. 
The bilinear model has held up to systematic study with many types of small molecules 
and different solvent systems.
248
 Other non-linear correlations have been included in QSAR 
models include sigmoidal
249,250
 and hyperbolic.
251,252
 The bilinear model is favored over the 
others because it is derived from first principles.
253,254255
 There are drawbacks to application of 
the bilinear model however. The bilinear model has four regression coefficients (a-d), while the 
parabolic model has three (a-c). Therefore, to justify the application of a bilinear model over a 
parabolic one, the fit of the data must be improved significantly (see Section 0). Also, linear and 
parabolic regressions can be automated, even for large sets of data, but the bilinear model 
requires manual regression fitting and is not suitable for large data sets.
256
 For these reasons, the 
parabolic model remains the most frequently applied non-linear equation in QSAR studies.
257,258
 
Furthermore, the applicability domain of the bilinear model is restricted to thermodynamic 
molecular parameters corresponding to a microscopically reversible event (Keq).
259,260
 It has 
recently been proposed that the bilinear set of equations can be generalized to a linearized 
biexponential expression (Eq. 1.16).
261
 The linearized biexponential model offers the advantage 
that the regression analysis can be automated with larger data sets, but has not been as 
thoroughly tested as the bilinear model.
262
 If general, the linearized biexponential model could be 
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a useful tool for QSAR analysis by expanding the types of molecular parameters (independent 
variables, x) with which non-linear QSAR models can be developed.
263
 
Table 1.6. Summary of the Types of Equations Utilized in QSAR Analyses.
260
 
equation 
# 
equation, activity (A) on 
log scale 
class of 
equation 
energetic 
relationship 
1.11 A = mx + c linear* any 
1.12             parabolic* G
‡
Geq 
1.13                          bilinear G
‡
Geq 
1.14                     bilinear G
‡
Geq 
1.15                      bilinear*,a any 
1.16                                  
linearized 
biexponential*
,b
 
any 
* Indicates that the regression fitting is can be reliably automated. 
a. 
Automatable for small data 
sets, n < ~20. 
b. 
Automatable for moderately sized data sets, n<~100. 
 
1.2.7. Descriptors and Relevant Statistics Used in QSAR Analyses 
The rate of publications concerning QSAR modeling increased rapidly following 
Hansch’s seminal reports on application of the extrathermodynamic approach to quantify drug 
activity (Figure 1.14). In a short period, the rate of publication concerning QSAR rose to a few 
thousand per year.
264
 The extensive application of QSAR modeling techniques to biological 
research has brought about a drastic paradigm shift in QSAR modeling methodology.
187
 Three 
major changes have taken place over the last three decades, namely: (1) the use of different 
molecular parameters, (2) the application of statistical analyses, and (3) the use of automated 
model development. Each of these changes has been brought about by a common driving force, 
namely, efficiency. The first two topics, molecular parameters for QSAR and relevant statistics 
for comparing models are addressed in this section. The automated model QSAR development 
strategy implemented throughout this work is summarized in Section 1.2.8. 
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Figure 1.14. The number of publications on quantitative structure-activity relationships per year 
(red). The number of publication on phase transfer catalysis per year (blue). For comparison see 
Figure 1.1. 
 
1.2.7.1. Descriptors 
Until the 1960's the extrathermodymic approach was practiced by physical organic 
chemists only, typically with small sets of data (5-10). The goal of these studies was to obtain 
data as precise as possible. Biological data is much noisier, with errors typically greater than 
20%.
265
 As such, errors in the molecular parameters utilized for regression analysis are less 
significant. What is significant, particularly in application to drug discovery, is the rate at which 
some (any) correlation can be found to aid in the design of more active drugs.
266,267
 The need to 
analyze large volumes of noisier data enforced the displacement of highly precise substituent 
constants, which must be looked up and entered by hand, by structural parameters that can be 
calculated quickly.
268
 
Because many calculated quantities are neither a molecular property nor a substituent 
constant, the term ―descriptor‖ is preferred to relate a calculated numerical characterization of a 
molecule for the purposes of a QSAR study.
269
 The number of descriptors available has 
increased dramatically. By the last comprehensive tabulation, in 2009, there were ~4,885 unique 
descriptors that have found use in multiple QSAR studies and which have been validated, and 
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independently tested.
270,271
 Many computational drug design suites are available that will 
calculate hundreds to thousands of descriptors.
272,273
 A comprehensive review of all descriptors 
is outside the scope of this discussion.  
Rather, Table 1.7 contains a summary of some of the most common descriptor classes 
with emphasis on the descriptor classes utilized for model development in Chapter 3. The level 
of sophistication of descriptors varies dramatically.
274
 The simplest descriptors are atom and 
bond counts, such as the number of carbons. Some of the most useful descriptors are those with a 
clear experimental counterpart, such as logP and molar refractivity (MR).
275
 Descriptors with an 
experimental counterpart all have a particular physical property which they represent. Many sets 
of descriptors are derived from specific drug pharmacophore features such as hydrogen bond 
donating and accepting groups.
276
 Recently, many surface area and surface area subsection 
descriptors have found utility. The most successful example is the use the total polar surface area 
(TPSA), the sum of the van der Waals surface areas of N, O, and attached hydrogens, to predict 
blood-brain barrier penetration of drugs.
277
 The introduction of the concept of steric and 
electronic fields of interaction (via a probe atom) initiated an entirely new QSAR technique 
wherein molecules are compared via their interaction fields.
278
 The most common molecular 
interaction field technique is termed comparative molecular field analysis (CoMFA).Thousands 
of descriptors have been developed to reflect partial charge distribution,
281
 especially by 
quantum chemical means.
282,283
 The descriptor set most relevant the research reported in this 
dissertation is the based on differences in the electrostatic potential map (ESP).
284,285
 Many 
descriptors are purely algorithmic. Most algorithmic descriptor sets are meant to reflect overall 
shape.
286,287
 In the QSAR model development and analysis (Chapter 3), descriptors that 
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differentiate molecules by graph theory, connectivity indices, fingerprints, and purely 
algorithmic means were purposefully excluded and will not be considered further here. 
 
Table 1.7. Summary of Some Common Types of Molecular Descriptors Used in QSAR Studies. 
descriptor 
class 
proposed interaction(s) common symbol 
simple counts 
atom and 
bond counts 
number of rotatable bonds b_rotN 
number of carbons a_nC 
number of aromatic atoms a_aro 
molecular properties 
lipophilicity 
hydrophobic 
interactions 
logP,  
polarizability 
van-der-Waals 
interactions 
MR, MV 
polarity dipole moment d 
pharmacophore features 
hydrogen 
bonding 
number of hydrogen-bond 
donors 
a_don 
amphiphilicity lipophilic moment L 
surface areas 
size 
solvent-accessible 
surface area 
vdw_SA 
TPSA 
polarity total polar surface area 
fields steric or electrostatic E
steric
, E
electronic 
charge distribution 
electron 
density 
ionic bonds,  
dipole-dipole, 
 hydrogen bonds 
hyperpolarizabilities, 
ESP 
RECON 
shape 
topology 
steric hinderance, 
geometrical fit 
distances 
volumes 
shape indices 
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1.2.7.2. Statistics 
Once a set of descriptors has been selected and compiled for an activity data set, the 
development of a QSAR model can be addressed. Any QSAR model building exercise involves 
two aspects, one qualitative and the other quantitative. Qualitatively, one attempts to build a 
model with descriptors that are physically interpretable such that some hypothesis may be made 
about what type(s) of microscopic interactions affect the activity data. Quantitatively, one relies 
on regression fitting of the activity data (y) as a function of a descriptor (x) or multiple 
descriptors (xi). Thus, regression model building is one of the most important steps in a QSAR 
study. A common set of statistical parameters suitable for the systematic comparison of different 
models of the same activity data are summarized in Table 1.8.
288
 This same set of descriptive 
statistical parameters is reported for all models developed and compared in this dissertation. 
In all equations in Table 1.8, n is the number of compounds, and k is the number of 
descriptors in the model. The first three criteria (Eqs. 1.17-1.19) are measures of the fit of the 
activity data (y) to the model (ycalc). The primary measure of the quality of fit is the coefficient of 
determination, r
2
. By statistical convention a lower-case r
2
 is preferred when only one x-variable 
is considered (descriptor) and an upper-case R
2
 is preferred when more than one x-variable 
(descriptor) is considered.
289
 The standard deviation, s, is measure of the absolute quality of the 
fit. The level of statistical significance of different models with varying number of descriptors 
(k) and compounds (n) can be compared by inspecting the corresponding Fisher values (F) of the 
models.
290
 
The last two statistical criteria are measures of the predictive capacity of a model.  The 
root mean squared error (RMSE) of a plot of predicted vs observed outcomes is utilized as a 
measure of the internal predictive capacity of a model, or how well the model performs when all 
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of the data is used to develop the model.  The external predictive capacity, or how well a model 
predicts a set of data that was not included in the model development, is assessed by a procedure 
called cross-validation. The most common cross-validation procedure is termed leave-one-out 
(LOO), wherein, each data point is eliminated once and only once, the same regression model is 
derived from the remaining compounds and only the eliminated object is predicted from the 
resultant model. The resulting coefficients of determination are averaged and reported as Q
2
LOO. 
If the external predictive capacity is assessed by leaving multiple compounds out (LMO), but 
otherwise following the same procedure, the resulting averaged coefficients of determination are 
reported as Q
2
LMO. 
 
Table 1.8. Summary of the statistical values used to develop and compare QSAR models. 
equation designation definition 
use in 
modeling 
meaning  
1.17 
coefficient of 
determination 
      
            
 
             
 
measure of 
relatedness 
relative quality 
of fit 
 
1.18 
standard 
deviation 
                        
measure of 
deviation from 
relatedness 
absolute 
quality of fit 
 
1.19 
Fischer 
number 
  
          
        
 
level of 
statistical 
significance 
variance 
accounted for 
variance not 
accounted for 
 
 
1.20 
root mean 
squared error RMSE= 
                 
 
 
deviation 
from pred. vs. 
obs. plot 
internal 
predictive 
capacity 
 
1.21 
leave-one-out 
coefficient of 
determination 
      
            
 
             
 
cross-
validation 
external 
predictive 
capacity 
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1.2.8. Descriptor and Model Selection 
Alice: “Would you tell me, please, which way I ought to walk from here?” 
Cat: “That depends a good deal on where you want to get to.” 
Alice: “I don’t much care where -.” 
Cat: “Then it doesn’t matter which way you walk.” 
Alice: “-as long as I get somewhere.” 
Cat: “Oh, you’re sure to do that, if you only walk long enough.” 
-L. Carroll 
Alice in Wonderland 
The practice of QSAR model development and comparison has become somewhat of a 
statistical labyrinth.
291,292 
Nonetheless, thousands of examples are on record showing that QSAR 
methodology is well suited for quantitative hypothesis generation, as long as a judicious 
comparison of the statistical values describing the fit, distribution, error, and predictive capacity 
of a model is undertaken.
293
 With roughly 5,000 molecular descriptors available the, selection of 
the appropriate model that best describes the data is a challenge. Whereas it is impossible to 
generate a three-dimensional plot of a five-thousand-dimensional-descriptor space, imagining 
what a space may look like is pedagogically useful because it helps to identify what challenges 
may be encountered during the course of model development (Figure 1.15). In such a space one 
can visualize two general phenomena: (1) a large amount of the descriptor space (combinations 
of descriptors mi and ni) has little or no correlation with the activity data, and (2) an optimal 
combination of descriptors mi and ni corresponding to the best model exists (global minimum, 
Figure 1.15b).
294
 Recently, a measure has been proposed to quantify such a structure-activity 
landscape index (SALI).
295
 It is proposed that in close proximity to the global minimum there are 
multiple moderately good combinations of descriptors, or local minima. Thus, the challenge in 
developing a model is finding the optimal combination of descriptors and avoiding the 
combinations that correspond to local minima. 
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Figure 1.15. A theoretical m x n descriptor-activity landscape. (a) Outside the pink box there is 
little or no correlation between the descriptors and the activity data. (b) Inset of the useful 
descriptor space where correlation between the activity data and the combination of descriptors 
is observed. 
 
One takes as an assumption that somewhere in the full set of descriptors compiled for 
analysis a combination exists that will p2rovide useful qualitative insight into the molecular 
interactions that most effect the changes in activity. One of the most important questions is: how 
long will it take to find the right combination of descriptors? By way of example; given 30 
compounds and 25 descriptors (~0.5% of the known descriptors) ~7 x 10
15
 combinations are 
possible. If then, each combination could be analyzed in 1 second it would take ~2.8 x 10
8
 years 
to ensure that the best model was found.
296
 For this reason, many optimization algorithms have 
been applied to QSAR studies, ranging from forward and backward stepwise eliminations,
297,298
 
evolutionary algorithms,
299,300
 genetic algorithms,
301,302
 simulated annealing,
303
 and artificial 
neural networks.
304,305
 In the work reported in this dissertation a genetic algorithm was utilized 
for model development throughout. The alternative optimization algorithms will not be 
discussed.  
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A genetic algorithm (GA) is a search heuristic that mimics the process of natural 
evolution.
306,307
 A GA consists of four steps, three of which are done repeatedly. The process is 
outlined in Figure 1.16. Initially, a population is generated that consists of n random individual 
models. In the example, one of the models is blue and the other is pink. Each model is comprised 
of the same number of descriptors, which are represented as filled squares. The second step is to 
perform a regression analysis on each model in the population. The purpose of this step is to 
generate statistical figures so that the models can be compared, and is termed fitness assessment. 
The third step is to compare the relative fitness of the models (F, R
2
, Q
2
, etc) and select the best 
models. At this point the relevant statistical figures for the selected models are recorded and 
those selected against are removed from the population. The fourth step is to generate a new 
population of models. The new population is built in two ways. The first is by randomly 
generating combinations of the models that were retained in step 3, which provides a source of 
new models but does not change the population size. It is useful to visualize an exchange of 
descriptors between two models as in Figure 1.16d. The second source of models for the new 
population is randomly generated in the same manner as in step 1. The number of random 
models is chosen such that the total number of models (population size) is restored to the same 
size as the initial population. At this point the fitness of the models in the new population (2
nd
 
generation) is reassessed by regression analysis and the process repeats until the termination 
criterion is met. Any numeric threshold of any statistical figure could be used as a termination 
criterion. However, if the termination criterion is not met, the calculation will continue on 
forever. It is therefore useful to set the termination criterion as a predetermined number of 
generations. A GA calculation with a population size of 100 hundred models, 25 descriptors to 
choose from, and 30 activity data will converge to a set of 100 models in 28 seconds (2 GHz 
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processor, 2 GB Memory). In this way, the process of QSAR modeling, descriptor selection, and 
model selection can be used as a discovery tool. 
 
Figure 1.16. Schematic representation of the steps in a genetic algorithm. 
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1.3. The Tandem [4+2]/[3+2] Cycloaddition of Nitroalkenes 
1.3.1. Introduction: Cycloaddition Reactions 
The cycloaddition reaction is one of the most useful reactions in the synthetic chemistry 
arsenal.
308
 The Diels-Alder [4+2] cycloaddition is the prototypical cycloaddition reaction 
(Scheme 1.3a).
309
 In a [4+2] cycloaddition reaction, a diene and a dienophile combine to 
generate a cyclohexene. Overall, two bonds and up to four contiguous stereogenic centers are 
formed in a single step. The [4+2] cycloaddition has inspired synthetic organic chemists since its 
discovery and can now be employed in the synthesis of a wide range of carbocyclic and 
heterocyclic compounds
310
 Furthermore, the stereochemical outcome for many systems can be 
predicted.
311
 
Arguably, the second most common cycloaddition reaction is the dipolar [3+2] 
cycloaddition reaction, pioneered by Huisgen (Scheme 1.3b).
312,313
 The [3+2] cycloaddition is 
especially efficient for the construction of 5-membered heterocycles, wherein at least one of the 
atoms in the dipole is not carbon. The development and application of dipolar cycloadditions has 
contributed immensely to the preparation of natural product and natural product-like heterocyclic 
compounds.
314
 
Scheme 1.3. 
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1.3.2. The Tandem Cycloaddition of Nitroalkenes 
The tandem [4+2] / [3+2] cycloaddition of nitroalkenes, a transformation developed 
extensively in these laboratories, merges the synthetic utility of the [4+2] cycloaddition and the 
dipolar [3+2] cycloaddition into a tandem process (Scheme 1.4).
315,316
 The tandem process is 
initiated by Lewis acid promoted inverse electron demand [4+2] cycloaddition wherein a 
nitroalkene serves as the 4 heterodiene component to generate a cyclic nitronate. The product 
nitronate is a 1,3-dipole that undergoes thermal [3+2] cycloaddition to generate a bicyclic nitroso 
acetal. Overall, three components, a nitroalkene, a dienophile, and a dipolarophile combine to 
construct a new six-carbon unit forging four bonds and up to six contiguous stereogenic centers. 
The most reactive component in the tandem [4+2] / [3+2] cycloaddition of nitroalkenes is the 
nitronate intermediate. This feature allows for application of all possible permutations of inter- 
and intramolecularity. The four permutations of inter- and intramolecularity of the tandem 
[4+2]/[3+2] cycloaddition of nitroalkenes lead to different nitroso acetal products and are 
shownin Scheme 1.5.  Each of these permutations has been systematically investigated in these 
laboratories.
317-320
  
Scheme 1.4 
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Scheme 1.5 
 
 
The most powerful and extensively investigated among these permutations is the tandem 
inter [4+2] / intra [3+2] family wherein the dipolarophile and nitroalkene are covalently tethered 
(Scheme 1.6).
321
 Four positions are available to tether the dipolarophile, two on the nitroalkene 
and two on the dienophile. The position of the tether dictates four possible modes of 
intramolecular [3+2] cycloaddition which has a dramatic effect on the constitution of the 
cycloadduct. Tethering the dipolarophile to either the  (C5) or  (C6) position of the dienophile 
results in bridged cycloadducts. Tethering the dipolarophile to the nitroalkene results in either a 
spiro-mode (1-position) or a fused-mode (2-position) cycloaddition. Extensive investigation of 
this family has revealed many advantages including: (1) ease of preparation of the precursors, (2) 
flexibility in the electronic nature and configuration of the components, (3) diversity of product 
structure, and (4) high levels of absolute stereocontrol with chiral dienophiles.
322 
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Scheme 1.6 
 
 
1.3.3. Stereochemical Control of the Tandem [4+2]/[3+2] Cycloaddition 
The stereochemical outcome of the tandem cycloaddition of nitroalkenes is predictable, 
but is dependent on many factors including the regio-, diastereo-, and facial selectivity of both 
the [4+2] and [3+2] cycloaddition steps. For each cycloaddition and selectivity event there are 
two possible outcomes which are represented as a matrix in Figure 1.17.  The molecular orbital 
coefficients that dictate the regioselectivity for inverse electron demand cycloadditions are 
LUMO diene and HOMO dienophile.
323
  For the [4+2] cycloaddition of nitroalkenes the 
calculated regioselectivity is head-to-head, which is experimentally observed.
324
 The 
electronically preferred regioselectivity of the [3+2] cycloaddition is also head-to-head. 
However, as is the case with in many 1,3-dipolar cycloadditions, the electronically preferred 
pathway does not always dominate.  The regioselectivity may be reversed if there is a strong 
steric or electronic bias, or if the two reacting components are tethered.
316
 Throughout this 
research the [3+2] cycloaddition was conducted in an intramolecular, fused mode with a two-
atom tether, which results in exclusive endo selectivity. 
The diastereoselectivity of the [4+2] cycloaddition is strongly influenced by the Lewis 
acid promoter. The use of TiCl2(Oi-Pr)2 as the Lewis acid results in endo-selective [4+2] 
49 
cycloaddition and has been rationalized by coordination of the nitroalkene and the dienophile to 
the Lewis acid.
325
 In general, the use of bulkier Lewis acids, where dual coordination is not 
sterically possible, such as methylaluminum bis-(2,6-diphenylphenoxide (MAPh) or 
methylaluminum bis-(2,6-di-tert-butyl-4-methylphenoxide (MAD) results in exo selectivity.
326
  
In the [4+2] cycloaddition of nitroalkenes the facial selectivity can be controlled with 
chiral dienophiles.
327
 The excellent control over facial selectivity in the [4+2] cycloaddition step 
ultimately results in an enantioenriched product after reductive cleavage of the nitroso acetal. 
Furthermore, the most selective chiral dienophiles, 2-phenylcyclohexanol
328
 and 2,2-
diphenylcyclopentanol,
329
 are readily prepared on large scale and recoverable.
330
 The prospect of 
a large scale (1-10 g) preparation of enantioenriched polycyclic amines was a major contributing 
factor in the decision to use of the tandem [4+2]/[3+2] cycloaddition of nitroalkenes as the 
synthetic cornerstone of this research. 
 
Figure 1.17. Matrix of selectivities possible in the tandem [4+2]/[3+2] cycloaddition of 
nitroalkenes. 
1.3.4. Hydrogenolysis of Nitroso Acetals 
A variety of methods to convert the product nitroso acetals into more common functional 
groups have been investigated.
331
  The most useful and widely used method is hydrogenolysis, 
50 
which provides an efficient method for the preparation of amines and lactams. Under conditions 
of hydrogenolysis (Scheme 1.7), the N-O bonds are cleaved generating an amine, an alcohol and 
a labile hemiacetal. Collapse of the hemi acetal by ejection of the electron donating functional 
group, a chiral alcohol (HOG*) if a chiral dienophile was used in the cycloaddition, generates an 
aldehyde. The aldehyde can then condense with the primary amine generating an imine which is, 
in turn, reduced.  If the starting material contains a pendant ester, then, ultimately a lactam is 
generated with loss of the alkoxy group from the ester. The reaction is simple to perform and 
typically proceeds with high chemical yield.  In this way, the tandem [4+2]/[3+2] cycloaddition 
of nitroalkenes has been applied to the enantioselective total synthesis of many stereochemically 
complex, polyclic, natural products.
332-345
 
Scheme 1.7 
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1.4. Research Projects 
The entirety of this dissertation involves the systematic study of phase transfer catalysis. 
The overall objectives were to initiate a program that would allow for the activity and selectivity 
of PTC catalysts to be rationalized a priori.  In reduction to practice, the goals of this 
investigation were: (1) prepare structurally diverse, enantioenriched, quaternary ammonium ions 
(2) collect catalyst selectivity and activity data (3) derive quantitative structure-activity and 
selectivity relationships, and (4) test the hypotheses generated from the QSAR/QSSR studies. 
Chapter 2 concerns the design, synthesis, and evaluation of a series of quaternary 
ammonium ions as phase transfer catalysts for an enolate alkylation. The refinement of a method 
for the kinetic analysis of liquid-liquid PTC reactions is discussed as well as the collection of 
kinetic and enantioselectivity data. Little enantioselectivity was observed for the catalysts 
prepared herein. More useful results were obtained from the catalyst activity data. A range of 
over three orders of magnitude was observed. 
In Chapter 3 QSAR models to describe the structural features that convey activity to 
quaternary ammonium ion catalysts are developed. The approach taken is to model catalyst 
activity as a function of molecular descriptors and pharmacodynamic properties.
346
 The results 
were most consistent with the interfacial mechanism and indicate that the differences in catalyst 
activity are a consequence of interfacial adsorption and desorption rates. The models are tested 
for predictability of other hydroxide-initiated PTC reactions. 
In Chapter 4 the hypotheses about the origin of catalytic activity, namely either phase 
transfer (effective concentration) or nucleophile activation (desolvation) were probed by 
comparing the reactivity of quaternary ammonium ion phenolates with their corresponding 
catalytic activities (with Rob Weintraub) under the same set of reaction conditions.  
52 
 The Synthesis and Evaluation of Catalysts Chapter 2 
for an Enolate Alkylation 
2.1. Hydroxide-Initiated PTC 
The requirements for a catalytic, enantioselective enolate alkylation are the in-situ 
generation of an enolate, alkylation in the presence of a stereochemical controlling element and 
maintaining the stereochemical integrity of the product (Scheme 2.1).  Although auxiliary-based 
enolate alkylations truly revolutionized the practice of organic synthesis in the 1970’s,90-108 a 
general catalytic enantioselective processes for enolate alkylations remains elusive.
106-108
 In 
contrast to other carbon-carbon bond forming reactions of enolates (compare to e.g. aldol and 
Michael reactions), the rate of enolate alkylation is significantly less than addition to a -system, 
thus the use of soft-enolization techniques which are crucial for catalytic -addition reactions 
cannot be utilized for enolate alkylations.
347
 Furthermore, the use of strong bases introduces a 
host of incompatibility issues.
348
 To date, PTC is the only catalytic process capable of reducing 
to practice the simplest of enolate alkylations, such as, methylation, ethylation and benzylation 
(see Chapter 1, Section 1.1.6).
11-16
 As a synthetic tool, APTC is complementary to the recently 
developed transition metal coupling methods that are well suited for coupling with C-sp
2
 
electrophiles although transition metal catalysis is making good headway on this front.
349-351
 
Scheme 2.1. 
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The mode of operation of APTC is unique in that the base and electrophile are in separate 
phases, thereby allowing the generation of highly-active, chiral nucleophiles in the presence of 
an electrophile. The broad electrophile scope of APTC reactions developed thus far suggests that 
APTC will eventually be a general method for performing strong base chemistry catalytically, 
and enantioselectively. For these reasons, hydroxide-initiated asymmetric PTC (APTC) reactions 
are an attractive prospect, especially given their intrinsically ―green‖ nature.1,352 However, the 
catalyst structural features that affect catalyst activity and stereoselectivity are still obscure.  
 
2.1.1. Activity of Phase Transfer Catalysts in Enolate Alkylations 
2.1.1.1. The Mechanistic Continuum of PTC 
One of the notable achievements of PTC is the use of aqueous bases to generate 
carbanions in reactions that would otherwise require a stronger base and anhydrous conditions. 
This special class of PTC reactions has been termed hydroxide-initiated PTCc.
353
 The 
mechanism of hydroxide-initiated PTC reactions was outlined in Chapter 1 Section 1.1.4. The 
extraction and interfacial mechanisms of PTC are outlined, in condensed form, in  
Scheme 2.2 for clarity. The challenge of deciphering between these mechanisms has 
stimulated numerous innovative studies ranging from the application of liquid membranes for 
studying transport phenomena to detailed kinetic analyses.
354-358
 The key differentiating point is 
whether the rate-determining step occurs in the organic phase or at the aqueous-organic interface 
(dashed box). Reactions where the rate-determining step occurs entirely in the organic phase 
require complete extraction of the substrate anion from the aqueous phase and follow an 
extraction mechanism. On the other hand, reactions that involve an interfacial rate-determining 
step are said to follow an interfacial mechanism. 
54 
Scheme 2.2 
 
 
2.1.1.2. Catalyst Structural Parameters: What is Q? 
Rabinovitz and Halpern performed an elegant series of studies aimed at defining the 
limits of this mechanistic spectrum.
359-364
 Their approach entailed the investigation of simple 
model reactions (e.g. H/D exchange, E2 eliminations and isomerizations) thereby circumventing 
the factors that complicate the analysis of hydroxide-initiated PTC reactions. These studies 
culminated in the derivation of a useful structural parameter to characterize quaternary 
ammonium ion accessibility ―q.‖  The accessibility parameter q is defined as the sum of the 
reciprocal of the number of carbons in each alkyl chain of a quaternary ammonium ion (Eq. 2.1). 
After surveying many hydroxide-initiated PTC reactions, it was observed that the most active 
catalysts had q-values between 1.5 and 2.0 (Eq. 2.1).
365
 
     
 
 
 
 
 
 
 
 
 
 
 
               (2.1.) 
 The original logic behind the derivation of q, unfortunately, has not been published. 
Therefore, the following section will deconstruct the q parameter in the context of QSAR 
methodology as it is practiced today. The definition that ―q is a structural characteristic of [a] 
quaternary ammonium cation‖366 has permeated the PTC literature52 but this description will not 
be used here. A more general definition will be used, specifically; the structural parameter q is a 
calculated numerical characterization of a quaternary ammonium ion. In other words, q is a 
descriptor. There are two prerequisites that must be realized before any conclusion about what 
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structural feature (or features) q reflects can be made. The first is how does q change as a 
function of structure and the second is why (and how) does the mathematical relationship of the 
reciprocal sum of the number of carbons differentiate between molecules. Figure 2.1 is a plot of 
q vs the total number of carbons for straight-chain quaternary ammonium ions with four to forty 
carbons. Many of the ammonium ions have been removed so that the pattern generated by the 
reciprocal sum of the number of carbons in each chain is more apparent. Thus, the reciprocal 
sum of the number of carbons separates the ammonium ions into groups. The groups are related 
structurally and for each group q has some lower boundary which it approaches but never 
reaches. For example, the first group that is drawn out completely (black diamonds) has the 
largest q (3.0 < q ≤ 4.0) and each of the members of this group have three or more N-methyl 
substituents. In this group, the longer the third chain, the closer q is to 3, but q never reaches 3 
for this group.  
 
Figure 2.1. Plot of q vs number of carbons. 
The second series that is drawn out completely (pink diamonds) has 1 methyl group and 
two ethyl groups (1/1 + ½ + ½ = 2) and therefore has a lower limit of q > 2. The longer the 
fourth chain of this group of quaternary ammonium ions, the closer q is to 2, but, for this group q 
never reaches 2. The last series that is drawn out completely has one and only one methyl group 
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(1/1 = 1). This group has a lower bound, or limit, of q = 1. One could continue on infinitely 
analyzing each substitution pattern. However, in relation to catalyst activity, it is sufficient to 
summarize that the statement, ―the highest catalytic activity of quaternary ammonium ions is 
when the catalyst has q-values between 1.5 and 2.0‖ is equivalent to saying the catalyst should 
have one methyl group (but not more than 1), otherwise, the catalyst should have more than one 
ethyl group. 
 A deeper level of understanding of why q works is realized upon recognition that q is a 
subset of the harmonic series (Eq. 2.2) where the limits of k are k ≤  and only summations with 
four additive terms are considered (i =4 in ki). The key aspect of the harmonic series is that it is 
divergent. The intricacies of divergence and convergence in sums and series will not be delved 
into here; proofs and derivations are readily available.
367
 What is important, is to realize the 
reason for the divergence. The origin of the divergence is that the series initially expands and 
then contracts. The rate of the initial expansion is greater than the rate of the eventual 
contraction, therefore the series is divergent. Although it is a gross oversimplification, the two 
relative rates may be visualized by the best fit lines for the expanded groups (Figure 2.1) where 
the rate of expansion is given by the first set of coefficients (0.3 < 2 < 10 < 16) and the rate of 
contraction is given the second coefficients (3 > 2 > 1 > 0). Thus, if the coefficients are taken as 
y in y = mx, the absolute value of the slope for expansion (m = 5.5) is greater than the absolute 
value of the slope for contraction (m = 1). 
Defining a descriptor in this way has the following consequences. The first molecules in 
the series (q > 3) are very well differentiated and the last molecules in the series are not well 
differentiated (q < 1). The differences between the descriptor values between these limits are less 
differentiated than the first set, but more differentiated than the latter set. There are now 
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hundreds (maybe thousands) of descriptors that are defined in this way and the intricacies of the 
mathematics continues to entertain mathematicians and chemoinformatics researchers alike.
368,369
 
Clearly, descriptors defined in this way are useful for generating a mathematical quantity that 
differentiates molecules, however, these types of descriptors are limited in that reducing the 
quantity to a structural attribute is challenging. 
  (2.2.) 
No further analysis of q, or any of the other descriptors defined by series, will be 
considered here. Because extension of the q descriptor to catalysts containing functional groups, 
changes in hybridization, rings, branch points, or stereogenic centers has not been reported, the 
question of what interpretable descriptors are correlated with q is addressed at the beginning of 
the next chapter (Chapter 3). 
2.1.2. Quantitative Property-Activity Relationships.  
One of the most recent advances in the study of catalyst activity for hydroxide-initiated 
PTC reactions is the realization of a catalyst property-activity relationship. The most successful 
property-activity relationship thus far for hydroxide-initiated PTC is the relationship of 
interfacial surface tension to catalytic activity.
370,371
 It is observed experimentally that surface 
activity of quaternary ammonium ions is well correlated with catalytic activity. This is the 
closest physical property analogy to lipophilicity that has been proposed for hydroxide-initiated 
PTC.
68,69
  The most detailed analyses of catalyst surface activity conclude that the effect has ―a 
chemical significance rather than a physical significance‖ because the relationship is not a linear 
one.
372
 No study reducing these observations to useful catalyst structural features or 
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interpretation in terms of the catalytic cycle has been done, it is suggested that the surface 
activity is related to the catalyst concentration in the interfacial space though.
373
 
2.1.3. Enantioselectivity.  
The rationalization of enantioselectivity and reduction to catalyst design criteria is of 
preeminent importance to the study of catalytic processes.
374-384
 The number of reaction types 
amenable to APTC is steadily growing, yet only a handful of proposed models have been 
advanced. This situation is likely due to a combination of the difficulty of the analysis and 
difficulty of synthesis of catalysts to test a proposed model.  
 
2.1.3.1.  Proposed Models for Enantioselective Enolate Alkylation.  
Enolate alkylation reactions are the most thoroughly investigated of all asymmetric phase 
transfer catalyzed processes and are among the most thoroughly-studied, hydroxide-initiated 
PTC reactions for which computational models have been proposed.
385-387
 The extensive, 
systematic study on indanone alkylations from the Merck Process Group not only provided the 
first, highly-successful example of APTC, it also provided a good rationale for the observed 
selectivity (Figure 2.2a).
142
 The key features of their model (extracted from X-ray structural 
analysis of the cinchonainium alkaloid-derived catalyst in combination with a positive Hammett 
correlation between enantioselectivity and the N-benzyl substituent) are that the two aromatic 
systems of the catalyst adopt a roughly coplanar orientation (yellow in Figure 2.2a) allowing for 
a face-to-face approach of the enolate. The enantiotopic face differentiation of the enolate results 
from the combination of a hydrogen bonding interaction between the catalyst and the enolate 
oxygen along with - stacking interactions. In a second landmark study O’Donnell and 
Lipkowitz reported an extensive computational investigation of the enolate molecular 
recognition event and origin of stereoselectivity.
388
 These studies indicate that, as expected, the 
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front face of the cinchona ammonium ion is the best binding site because of Coulombic 
attraction (Figure 2.2b). Yet, the majority of the molecular recognition and subsequent 
enantiotopic face discrimination is a consequence of dispersion interactions because of the 
diffuse charge and flexibility of the enolate. Furthermore, the computational results suggest 
selective binding of the catalyst to the Si face of the Z-enolate, which correlates well with the 
observed selectivity for the R product. However, it has been proposed that catalysts bearing a 9-
anthracenylmethyl group on the nitrogen react through the E-enolate (Figure 2.2c).
149,153
 
 
 
Figure 2.2. Models for enantioselective enolate alkylation with cinchona-derived catalysts. 
 
2.1.3.2. Proposed APTC Design Principles: Tetrahedral Inscription and CHO 
Hydrogen Bonding 
Detailed intermolecular nOe and ROESY correlations between cinchona-derived 
catalysts and borohydrides and fluorides provide strong support for the above analysis. 
Furthermore, these indicate that two potential ―front-face‖ binding regions are present.389-391 This 
analysis is represented graphically in Figure 2.3 by inscribing the ammonium nitrogen in a 
tetrahedron (red) where the vertices are the four carbons bound to it. The face proximal to the 
oxygen is proposed to lead to more selective reaction. This analysis is well supported by the fact 
that replacement of the N-benzyl substituent with an anthracenylmethyl group significantly 
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increases the enantioselectivity of enolate alkylation because one of the anthracene rings should 
sterically shield the face distal to the oxygen. Although the aforementioned nOe studies detected 
Hcat-Xanion interactions by necessity, they also provide good support for strong hydrogen bonding 
interactions of the type CHO in solution. This type of interaction has been identified in the 
solid state by X-ray crystallographic analysis of quaternary ammonium-enolate ion pairs.
392-397
 
Furthermore, high level calculations indicate that in solution, ammonium ester enolates tend to 
orient such that the plane of the enolate and the face of the ammonium are nearly coplanar 
(Figure 2.3).
385b
 
 
Figure 2.3. Two potentially generalizable levels of analysis for ammonium ion enolate binding. 
(a) Assesment of the relative Coulombic accessibility of the four faces of the ammonium ion. (b) 
Identification of the favorable intermolecular CHO and, potentially, CHC electrostatic 
interactions. 
 
2.2. Research Plans and Design 
2.2.1. Goals of this Project 
The goal of this project is to elucidate the structural features that govern the activity and 
enantioselectivity of quaternary ammonium ion phase transfer catalysts. The research is divided 
into two separate components: (1) synthesis and evaluation of catalysts, and (2) application of 
QSAR methodology to the catalyst activity data. The focus of this dissertation is on quantitative 
models for catalyst activity and was conducted in parallel with analogous studies on catalyst 
enantioselectivity Described in the following sections are the synthesis of chiral, non-racemic, 
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quaternary ammonium ions by solution phase parallel synthesis as well as the collection of a 
large set of catalyst activity and selectivity data. In the next chapter (Chapter 3) the activity data 
are analyzed by developing many quantitative structure-activity relationships and comparing 
them. An enolate alkylation reaction was chosen to initiate these studies for three reasons: (1) it 
is one of the oldest and most useful methods to form carbon-carbon bonds (2) many examples of 
PTC enolate alkylations are on record and (3) the methods to perform enolate alkylations in a 
catalytic enantioselective manner are limited. At the outset, it was hoped that success in this 
endeavor would provide for a new way to investigate catalyst development. The approach 
adopted is analogous to a drug design process consisting of iterations of synthesis, evaluation 
and modeling, in which, this is the first iteration. 
 
2.2.2. Scaffold Selection. 
Without a testable hypothesis about which structural features will be dominant in 
conferring high catalyst activity and selectivity, this endeavor was necessarily initiated as a 
discovery-oriented program. A key challenge to systematic investigation of APTC is the 
availability of catalyst scaffolds that allow for facile modification of sites proximal to the 
quaternary ammonium ion center.
398-401
 The initial focus was set on (1) identifying a suitable 
scaffold (or scaffolds) that could be prepared in enantiopure fashion and would allow for 
substitution in multiple positions followed by (2) developing suitably flexible parallel synthesis 
procedures for the elaboration of the scaffold to a diverse library of quaternary ammonium ions.  
A two-stage synthetic strategy was envisioned; first, the tandem cycloaddition of 
nitroalkenes would be used to cast amine scaffolds enantioselectively and second, the scaffolds 
would be transformed into quaternary ammonium ions in a diversity-oriented manner. The 
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tandem cycloaddition of nitroalkenes provides a versatile route to assemble stereochemically 
complex polycyclic, tertiary amines from simple precursors (Scheme 2.3). Both the spiro- and 
fused-mode cycloadditions create skeletons in which the nitrogen is fixed in a central position of 
a rigid ring system thereby providing potential for the controlled installation of groups in the 
vicinity of the nitrogen. The two bridged-mode cycloadditions generate either cyclopentyl or 
cyclohexyl primary amines and were discounted for the initiation of this research. 
The fused mode, tandem inter [4+2]/intra [3+2] cycloaddition with a two-carbon tether 
was chosen for initial studies. In this mode the tandem cycloaddition/hydrogenolysis sequence 
generates a tricyclic cyclopentapyrrolizidin-2-one ring system bearing a hydroxy group at C(1) 
and a substituent at C(5) (Scheme 2.3). Prior to elaboration of a detailed parallel synthesis 
strategy, the local environment around the ammonium nitrogen was considered in the context of 
known design principles. 
 
Scheme 2.3. 
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2.2.3. Scaffold Shape and Ammonium Ion Accessibility. 
By connecting the nitroalkene and the dipolarophile with a two-carbon tether, the ring 
fusions (C(7b)-N, C(7b)-C(5a), C(7b)-C(7a)) are dictated to all be cis, giving the scaffold a bowl 
shape (Figure 2.4). Library design efforts were initiated by inscribing the central ammonium 
nitrogen of the scaffold in a regular tetrahedron (red) to determine which faces will be accessible 
for Coulombic interactions. Clearly the concave face inscribed by C(2)-C(4)-C(7b) is shielded by 
the C(6)-C(7) methylenes rendering it sterically inaccessible. Initial molecular modeling 
indicated that a nitrogen substituent (R
4
) would occupy the face defined by C(2)-C(4)-C(9) to 
avoid steric interaction with a group at C(8). Therefore, the two most accessible faces of the 
ammonium ion tetrahedron appear to be the two situated on the convex face of the scaffold 
inscribed by C(2)-C(9)-C(7b) and C(4)-C(9)-C(7b) respectively. 
 
 
Figure 2.4. The steric environment the pyrrolizidine scaffold. 
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2.2.4. Parallel Synthesis Design. 
The tandem inter [4+2]/intra [3+2] cycloaddition of nitroalkenes in the fused mode 
allows for the stereoselective introduction of groups at C(5) (R
1
) and a hydroxy group at C(1) 
while preserving the relative configuration of the scaffold ring system (Scheme 2.4). The 
variable groups R
1
, R
2
, and R
4 
are situated on the convex face allowing for the evaluation of 
many different combinations of substituents. Because the C(5)-substituent (R
1
) is the first point 
of diversification its variation was limited (either H or Me), thereby reducing the synthetic 
investment required for this initial survey. Moreover, the configuration of the C(1) center is 
dictated by the geometry of the dipolarophile thus introducing an additional element for 
diversification. After introduction of groups at C(1) and C(5) the scaffolds will be elaborated by 
means of parallel synthesis. 
The forward synthetic analysis from the scaffold is outlined in Scheme 2.4. The hydroxyl 
group at C(1) was targeted for the next two points of diversification. Simple oxidation followed 
by addition of an organometallic reagent (R
2
-M) would allow for the introduction of groups 
directly in the vicinity of the C(2)-C(7b)-C(9) face. Also, alkylation of the resulting alcohol (or 
the original secondary alcohol) with simple alkyl halides (R
3
-X) would serve as a facile method 
for introducing groups on the concave face. Lastly, the nitrogen substituent (R
4
) may be installed 
by a second alkylation to afford the final quaternary ammonium salts. This analysis served as a 
general framework from which the order of synthetic steps suitable for parallel synthesis was 
worked out experimentally. 
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Scheme 2.4.  
 
 
2.2.5. Focused Libraries.  
To facilitate description of the libraries, the catalysts are divided into focused sets of 
increasing substitution (I-V, Scheme 2.4). The simplest members of this group (Library I) bear 
no oxygen containing functionality and vary only in the nitrogen substituent (R
4
). Oxygen 
functionality is introduced in Libraries II and III whereas additional steric and conformation 
influencing groups are introduced in Libraries IV and V. Quaternary ammonium ion library 
members will be referred to by Roman numeral (Libraries I-V) followed by a braced number set 
designating the order and number of groups introduced {X-X,X-X}. For example, in Scheme 2.4 
the intermediate free amine X{R
1
,R
2
,R
3
} will be converted to library V{R
1
,R
2
,R
3
,X-X} through 
the action of reagents {X-X}. 
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Chart 2.1. Targeted focused libraries for the collection of activity and selectivity data. 
The R
1
 substituent (H, Me) served to influence the position of the R
4
 substituent and to 
differentiate the accessibility of the two convex faces inscribed by C(3)-C(7b)-C(9) and C(2)-
C(7b)-(C9). The R
2
 substituent would play a complimentary role in terms of accessibility and 
interaction of the counterion. This group could be more extensively diversified because of its 
later stage of introduction in the synthesis. Because R
3
 is more distant to the nitrogen atom, the 
primary focus for this substituent was to serve as a lipophilicity modifier without contributing to 
shielding. The residue R
4
 would be restricted primarily to groups of varying π-surfaces. 
Additionally, because this group is introduced last, a larger degree of synthetic flexibility is 
available, thus facilitating a systematic investigation of the role of steric and electronic factors 
for these aryl rings. Also, the proximity of this substituent to the positively charged nitrogen 
means that the character of this group should have a larger influence (through dipole and field 
effects) on the localized positive potential encompassing the nitrogen than any of the other 
groups. It was hoped that realization of a synthetic route capable of varying four groups around 
the central ammonium nitrogen would facilitate the collection of a broad set of catalyst activity 
and selectivity data suitable for a QSAR analysis. 
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2.3. Results 
2.3.1. Preparation of Tandem Cycloaddition Precursors: Scale-Up Studies 
2.3.1.1. Synthesis of Nitroalkenes. 
To accurately determine the rate and enantioselectivity for each catalyst (ca. 3 
runs/catalyst), approximately 30 mg of each quaternary ammonium salt would be required, thus 
mandating the synthesis of gram quantities of the scaffolds for Libraries I-V. Thus, the first 
phase of this investigation was to develop robust, scalable routes to the cycloaddition precursors 
(nitroalkenes (E,E)-1 and (E,Z)-1 and chiral vinyl ethers 2 and 3, (Scheme 2.4., above) in 
decagram quantities. 
2.3.1.1.1. Nitroalkene (E,E)-1 
Nitroalkene (E,E)-1 was synthesized by a known route
402
 with minor changes upon scale-
up. Thus, Wittig olefination of readily available 2-hydroxytetrahydrofuran
403-405
 established the 
E-alkene geometry as well as the primary alcohol function in (E)-4. Oxidation by the Parikh von-
Doering protocol,
406,407
 (rather than the previously reported use of pyridinium chlorochromate), 
followed by immediate reaction of the aldehyde 5 under the standard Henry reaction conditions 
with nitroethane and subsequent dehydration furnished nitroalkene (E,E)-1 in excellent overall 
yield (86% over three steps). This route provided rapid access to tens of grams of nitroalkene 
(E,E)-1. 
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Scheme 2.5 
 
2.3.1.1.2. Nitroalkene (E,Z)-1.  
Large-scale preparation of nitroalkene (E,Z)-1 for these studies proved significantly more 
challenging. The previous synthesis of (E,Z)-1 employed a Still-modified Horner-Wadsworth-
Evans type olefination (Scheme 2.6).
408
 Unfortunately, this method required tedious 
chromatographic purification to remove the minor geometrical isomer even on a sub-gram scale. 
Therefore, a new route to the enone (Z)-7 was sought wherein the Z-double bond configuration 
would be controlled by inclusion in a 7-membered ring (Scheme 2.6). Thus, methanolysis of 
caprolactenone 8 was targeted. Sufficient quantities of the enoate 7 for the investigation of the 
methanolysis step were prepared by selenoxide elimination of caprolactone following known 
protocols.
409,410 
 
Scheme 2.6 
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Because the acid-catalyzed alcoholysis of 7-membered lactones finds ample precedent,
411
 
a number of acids were surveyed (Table 2.1). Weak acids (pKa > 4) afforded little to no reaction 
within 24 h (entries 1 and 2). Stronger acids (pKa <4) such as sulfonic acids (entries 3 and 4) or 
trifluoroacetic acid (entry 5) resulted in isomerization of the double bond at a rate competitive 
with ring opening. Reactions with hydrochloric acid (pKa <0) or silica gel or afforded the 
product with no apparent isomerization (entry 6, 8) however, neither reaction scaled well (entry 
7). Treatment of the lactone with methanolic base led to a significantly faster reaction (on the 
order of minutes) in contrast to hours or days for acid promoters (both with 0.1 equiv). Whereas 
sodium methoxide led to rapid polymerization (entry 9), the use of a milder base such as 
potassium carbonate rapidly furnished the desired product with no apparent double bond 
isomerization or decomposition (entry 10). Fortunately, this process could be run on multigram 
scale to afford the geometrically pure enone 7 in good yield (entry 11). Upon scale-up, a small 
amount of a side product originating from conjugate addition of methanol could be detected (~5-
10%). The use of sodium carbonate effectively suppressed the conjugate addition allowing for 
isolation of geometrically pure enone in good yield without the need for chromatographic 
purification (entry 12). With a robust method for alcoholysis of 8 in hand, the focus turned to 
developing a more scalable method for the preparation of the key lactenone 8. 
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Table 2.1. Acid and Base Promoted Methanolysis of 8.
a
 
 
entry additive time, h scale, g Z/Eb yield, %c 
1 2-NO2C6H4OH 24 0.050 
 NRd 
2 AcOH 24 0.050  NR 
3 TsOH 20 0.050 4:3 ND
d 
4 CSA 20 0.050 4/1 ND 
5 CF3CO2H 20 0.050 4/1 ND 
6 silica gel 24 0.050 >10/1 ND 
7 silica gel 24 0.473 >10/1 52 
8 HCl 2 0.050 >10/1 ND 
9 NaOMe 0.2 0.050  -
e 
10 K2CO3 0.2 0.050 >10/1 ND 
11 K2CO3 0.5 5.20 >10/1 87 
12 Na2CO3 0.5 10.0 >10/1 97 
a 
General conditions: 50 mg 8, 1 mL MeOH, 0.1 equiv acid or base, room 
temperature. 
b 
By 
1
H-NMR integration. 
c 
Yield of chromatographically 
homogeneous material. 
d
 NR = no reaction and ND = not determined. 
e 
Only 
polymer was observed. 
 
2.3.1.2. Optimization of the Preparation of Caprolactenone 8. 
The preparation of caprolactenone 8 has been reported numerous times.
412-417
 The method 
employed for the exploratory work (vide supra) was the selenoxide elimination of 9 developed 
by Reich and later scaled-up by Fleming and Chow (Scheme 2.7).
409,410
 The advantages of this 
method are: (1) the full, contiguous carbon chain is readily available as caprolactone (~$0.07/g, 
Aldrich) (2) both terminal carbons of caprolactone are functionalized and (3) the sequence had 
already been scaled to 15 g (~6 mmol). Nevertheless, a more easily scalable route to this key 
intermediate was sought to avoid the use of selenium reagents and minimize the number of 
chromatographic purifications. For these reasons, a catalytic oxidation of silyl ketene acetal 10 
was investigated (Scheme 2.7). The requisite ketene acetal 10 was prepared by deprotonation of 
caprolactone with LDA in the presence of TMSCl in 83% yield.
418-420
 Notably, the process could 
be scaled to 20 g and the product directly purified by fractional distillation. 
71 
Scheme 2.7 
 
The dehydrogenation of silyl ketene acetals to provide lactones utilizing Pd(OAc)2 (10 
mol%) and allyl methyl carbonate as the oxidant has been reported by Tsuji.
421-423
 To apply a 
palladium catalyzed dehydrogenation protocol on a large scale, a lower catalyst loading was 
required. Initially, a limited number of palladium sources and loadings were surveyed (Table 
2.2). The desired product 8 was not detectable within 2 h with palladium (II) chloride (entry 1). 
Palladium (II) acetate gave a good yield that was enhanced slightly by the addition of an external 
ligand (entries 2-4). The preformed complex Pd(dba)2 provided the best result with near 
quantitative conversion within 2 h (entry 6). Moreover, with Pd(dba)2 the temperature could be 
lowered and catalyst loading decreased to 1 mol % without a significant reduction in yield 
(entries 7 and 8). Under the optimal conditions, the reaction could be performed on decagram 
scale and the product isolated in greater than 95% yield. 
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Table 2.2. Optimization of Saegusa Oxidation. 
 
entry Pd, source Pd, mol% yield, %
b 
1 PdCl2 10 <1 
2 Pd(OAc)2 5 78 
3 Pd(OAc)2 10 84 
4
c 
Pd(OAc)2 5 87 
5
c,d
 Pd(OAc)2 5 77 
6 Pd(dba)2 5 96 
7 Pd(dba)2  1 95 
8
e
 Pd(dba)2  1 94 
a Reaction conditions: 0.54 mmol of silyl ketene acetal, 0.2 
M, 80 oC, 2 h. b Determined by 1H-NMR spectroscopy. c 20 
mol% DMSO added. d 0.8 M. e 40 oC. 
 
 
2.3.2. Chiral Vinyl Ether Preparations.  
Previous studies on the stereochemical course of the tandem cycloaddition of nitroalkenes 
identified (1R,2S)-2-phenylcyclohexanol 11 as an excellent chiral dienophile for this process.
424,
 
Vinyl ether 2 has been prepared in 75% yield by equilibrium exchange with a donor vinyl ether 
(30 equiv) promoted by mercuric acetate (0.5 equiv).
425
 Subsequent studies showed the same 
result could be obtained with only 0.05 equiv of Schlaf’s catalyst (Pd(OAc)2/1,10-
phenanthroline).
426
 Fortunately, the starting material 11 and product 2 are easily separated. (E)-
Propenyl ether 3 was prepared following the published method.
424
 
 
Scheme 2.8 
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2.3.3. Scaffold Preparation by Tandem Cycloaddition of Nitroalkenes.  
The centerpiece of the library synthesis was the use of the tandem cycloaddition of 
nitroalkenes to cast the polycyclic skeletons that will serve as parallel synthesis scaffolds. 
Known α-hydroxy lactam 4a was prepared in racemic form by tandem [4+2]/[3+2] cycloaddition 
of nitroalkene (E,E)-1 with n-butyl via the intermediacy of nitronate 12 and nitroso acetal 13 
(Scheme 2.9). Reductive hydrogenolysis afforded the tricyclic lactam  4a in excellent overall 
yield (86% over three steps). 
Scheme 2.9 
 
 
Likewise, -hydroxy lactams 4a and 5 were prepared as previously described in non-
racemic form via the tandem cycloaddition with chiral vinyl and propenyl ethers 2 and 3 
respectively (Scheme 2.10).
424,425
 In this process, a standard set of reaction conditions was 
employed, namely exposure of a solution of nitroalkene and dienophile to TiCl2(Oi-Pr)2 at –78 
o
C to afford the intermediate nitronate. Subsequent, thermal cycloaddition occurred over the 
course of 2-3 h upon standing at room temperature. The resulting nitroso acetals were 
immediately subjected to hydrogenolysis with Raney nickel in methanol (350 psi H2) to afford 
the lactams in 76% and 89% respectively (three steps) with high enantioselectivity (e.r. 96:4).
427
 
The epimeric -hydroxy lactam 4b (not previously described), was readily prepared in 63% 
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yield following the standard protocol (e.r. 96:4). The elaboration of these scaffolds to the 
Libraries I-V respectively is detailed in the next section. 
Scheme 2.10 
 
 
2.3.4. Parallel Synthesis: Preparation of Ammonium Bromide Libraries 
2.3.4.1. Preparation of Library I.  
The next phase of these studies involved the development of a suitably versatile parallel 
synthesis route to allow for the introduction of various substituents on the core scaffold. The 
simplest scaffold (Library I), containing only a single site of variation, was first targeted to 
address the introduction of groups in the key N-alkylation step. 
To complete the synthesis of the Cs symmetric scaffold, removal of the two oxygen 
functional groups was required. Removal of the hydroxyl group was accomplished by activation 
as a phenyl(thiono)carbonate 14 followed by Barton-type deoxygenation under the action of 
Bu3SnH/AIBN to afford lactam 15 in good overall yield (64%, two steps) (Scheme 2.11).
428
 
Reduction of lactam 15 with borane•THF afforded the fully deoxygenated scaffold 16 for 
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Library I as its borane adduct in 80% yield. With large quantities of borane adduct 16 in hand, 
N-quaternization conditions suitable for parallel synthesis could be investigated. 
To facilitate the throughput of material, a method for the direct conversion of the amine 
borane adduct to the desired quaternary ammonium salts was sought that avoided the need for 
purification of intermediates. Heating amineborane 16 in methanol in the presence of 1 M aq 
HCl led cleanly to the intermediate amine hydrochloride. The free base was liberated by 
partitioning the salt between 0.1 M aq NaOH and ether. Exposure of the free amine to a slight 
excess of benzylic and primary aliphatic bromides {1-6} in acetonitrile at room temperature led 
smoothly to the quaternary ammonium ions I{1-6} in 72-90% (for an explanation of the 
bracketed set designation see Section 2.2.5). The excess electrophile could easily be removed by 
either filtration through silica gel or trituration with ether analogous to the methods of 
Dehmlow
429
 and Maruoka respectively.
430
 The only remaining concern in utilizing a silica gel 
filtration was the elution of ammonium silicates. Therefore, the three lowest molecular weight 
catalysts were analyzed by elemental analysis, which indicated complete retention of the 
bromide counterion. Ultimately, it was decided that silica gel plug filtration followed by 
trituration with ether could be used as the general conditions for purification for other 
ammonium salts. 
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Scheme 2.11 
 
 
2.3.4.2. Preparation of Libraries II and III.  
The next level of complexity called for the synthesis of libraries of chiral, non-racemic 
ammonium salts to study their effectiveness as asymmetric phase transfer catalysts. The 
construction of Libraries II and III introduces a second parallel synthesis step, namely O-
alkylation. These two libraries embodied three objectives aimed at investigating both 
enantioselectivity and rate: (1) to introduce groups with variable solubilizing abilities (rate) and 
(2) introduce variable -surfaces and steric bulk (selectivity) and (3) investigate the effect of 
configuration at C(1) (selectivity). 
The diastereomeric lactams 4a and 4b were reduced to the pyrrolizidines 17a and 17b 
with BH3THF (>10 equiv) in good to excellent yield (Scheme 2.12). These amines were also 
isolated as their borane adducts, thus protecting the amine from air oxidation
431,432
 and 
subsequent alkylation in the next step. This sequence allowed for the preparation of multi-gram 
quantities of borane complexes 17b and 17b as crystalline solids which was a convenient stage 
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for storage of material. Application of standard Williamson ether synthesis conditions (NaH, 
DMF) to borane complexes 17a and 17b allowed for facile elaboration to intermediates chemsets 
II{1-5} and III{1-5}.
433,434
 The introduction of simple hydrophobic groups (n-hexyl), hydrophilic 
groups (methoxyethoxymethyl, MEM) as well as aromatic carbocycles and heterocycles, in good 
yield under a standard set of reaction conditions. It is noteworthy that the inclusion of a MEM 
ether in these series required the use of either neutral or base-promoted deborylation conditions 
because of the acid lability of this group. Accordingly, aq. HCl was replaced with aq. Na2CO3 
under otherwise identical reaction conditions. Elaboration of the intermediate borane adducts as 
described in section 4.1 proceeded smoothly to afford quaternary ammonium salt libraries II{1-
5,1-6} and III{1-5,1-6} in good yields over the three step process. 
Scheme 2.12 
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2.3.4.3. Preparation of Libraries IV and V.  
2.3.4.3.1. Introduction of R2 Substituents.  
The presence of the hydroxyl group at C(1) allows for further diversification and 
introduction of groups at C(1) was done in collaboration with Larry Wolf.
435
 The C(2) hydroxyl 
bearing carbon was targeted for the introduction of different aliphatic and aromatic groups by 
organometallic addition to the corresponding C(1) ketone. Accordingly, Parikh von-Doering 
oxidation of 17a furnished the desired ketones 19-20 in 98% yield (Scheme 2.13).
406
 However, 
ketones 19-20 were not stable and had to be immediately carried on to the organometallic 
addition step. The increased acidity of the α-hydrogens, likely as a consequence of nitrogen 
complexation,
436-438
 required the use of softer, less Brønsted basic organocerium reagents.
439440441
 
The resulting additions took place (40-98% yield) to form 21{2,3,5} with complete β-
diastereoselection as a consequence of the bowl shape of the core scaffold. Likewise, ketone 20 
(an inseparable 12:1 mixture of C(5) diastereomers from cycloaddition with a propenyl ether) 
underwent the cerium-mediated addition to afford the tertiary alcohols 22{2,3,5} in similar 
yields.  
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Scheme 2.13 
 
However, the inability to introduce bulky groups as well as poor reproducibility led to a 
modification of the synthetic route. Oxidation of alcohol 5 to α-keto lactam 23 afforded two 
important benefits over the initial route. First, the addition of Grignard reagents to this highly 
active dicarbonyl compound proceeded reproducibly and in excellent yields (95-97%) even with 
bulky nucleophiles. Second, the minor C(5) diastereomer could be removed by a single 
recrystallization. However, reduction of the resulting lactams 24{4,6,7} required elevated 
temperatures, presumably a consequence of the additional steric bulk proximal to the site of 
reduction. In this way, the corresponding amineborane adducts 21 and 22 could be isolated in 
respectable yields (72-85%) without increasing the number of steps in the synthetic route. 
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2.3.4.3.2. Parallel Synthesis Toward Libraries IV and V.  
Extension of the developed parallel synthesis route to the more hindered tertiary alcohol 
at C(1) found in Libraries IV and V was straightforward (Scheme 2.14). The R
3
 substituents in 
Libraries IV and V were limited to unfunctionalized aliphatic groups, electron rich (4-MeOC6H4) 
and electron deficient (3,5-(CF3)2C6H3) aromatic groups. Also, the 9-anthrylmethyl group at R
4
 
was removed from this set,
442
 but a larger number of groups of varying electronic makeup and 
size were introduced for R
4
 in Libraries IV and V. 
Scheme 2.14 
 
 
2.3.4.4.  Summary of Library Syntheses.  
A library of over 160 catalysts sharing the same core scaffold has been generated that 
incorporates the substituents below (Figure 2.5). Although this number represents only a small 
fraction of the complete matrix of >1200 possible the library represents a good approximation on 
the basis of preliminary data. The groups shown reflect the need to evaluate the roles of steric 
and electronic contributions, π-surface, lipophilicity, and polar surface area on the catalyst 
structure for a given phase transfer catalyzed reaction. 
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Figure 2.5. Substituents included in the catalyst library. 
 
2.4. Collection of Catalyst Activity Data 
2.4.1. Initial Survey of Conditions 
The base-promoted benzylation of glycine benzophenone imine tert-butyl ester 25 has 
become the benchmark reaction for investigation of new catalyst structures (Scheme 2.16).
147
 As 
such, a standard set of reaction conditions has been established, namely the use 50% aq. KOH 
solution and toluene.
148
 An initial survey of catalysts (5 mol%) at room temperature resulted in 
rapid reaction; most were complete within 1-3 min. Also, in the initial screen, independent 
kinetic runs varied by as much as 40-50%. Clearly this range of rates and level of confidence in 
the kinetic data was not suitable for generating useful results.  
 
Scheme 2.15 
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2.4.2. Refining a Kinetic System for Collection of Catalyst Activity Data. 
Decreasing the catalyst loading to 2.5 mol % and decreasing the temperature to 2-4 
o
C 
successfully slowed the reaction to a point where a range of rates could be observed.
443
 Given the 
intrinsic biphasic nature of PTC reactions, efficient mixing is essential to promote consistent 
transport and to minimize the errors associated with precipitation. For these reasons, a 4-mL (1 
cm x 3.5 cm) cylindrical vial was chosen as the reaction vessel together with a 1.5 cm egg-
shaped stir bar. This stir bar was large enough such that it traversed the interface and yet was 
small enough to ensure mixing as a consistent shearing motion.
444
 The combination of these 
changes improved the reproducibility of the reactions greatly. The scale of the reactions was 
dictated by the need to conduct multiple kinetic runs using 80-120 mg of starting ester 25 (thus 
dictating a minimally measurable amount of catalyst (4-8 mg)) and to maintain a reaction 
concentration of 0.33 M.  
Scheme 2.16 
 
Initial experiments with tetrabutylammonium bromide allowed for an examination of 
sampling methods to ensure reproducibility. Sampling from the bulk mixture gave inconsistent 
results and the sampling needle clogged frequently. A more reliable protocol involved stopping 
the agitation momentarily to allow the biphasic mixture to separate (~2 s), and sampling from the 
organic layer. Utilizing this protocol the reaction profile was reproducible; two sample runs are 
shown in Figure 2.6. Each kinetic run for each catalyst is included in Chapter 6. 
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Figure 2.6. Kinetic profile of a TBAB catalyzed reaction. 
An important decision was to choose an appropriate value to represent the rate data (e.g. 
ki, kobs, t1/2, …etc). Upon initial testing catalyst I{1}, a significant induction period was observed 
over the course of the first 5% conversion (Figure 2.7, red squares). This type of behavior has 
previously been reported as a function of ammonium counterion.
359,445
 The induction period was 
seen under the protocol wherein the base was added last. However, if the order of addition of 
reagents was changed such that the alkylating agent was added last, then the converse was 
observed and appearance of product was rapid at first, but quickly declined (a kinetic ―burst‖). 
Most importantly, regardless of the order of operations, the ―time course‖ of the two reactions 
converges to a single rate (within 1%, Figure 2.7). The implications of this observation will be 
discussed in the following section. 
 
Figure 2.7. Affect of order of addition with catalyst I{1}. 
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Given the significant variation at the onset of the reaction, it was decided to extract data 
that would be independent of the initial rate, namely t1/2. Although this determination is labor 
intensive, since it would require monitoring each reaction to greater than 50% conversion, it has 
the added advantage of showing the entire reaction profile. 
2.4.2.1. Stir Rate Dependence.  
The last critical decision to be made was to select a stirring rate that would effectively 
minimize errors from salting out and still allow for the differences in catalyst activities to be 
observed. Hydroxide-initiated PTC reactions can exhibit a rate dependence on stirring speed in 
excess of ~2000 rpm. At high enough stirring speeds, little dependence is seen which is 
consistent with the proposal that the influence of mixing is to increase the surface area to volume 
ratio (effectively concentration) of the biphase,
356a
 and that phase transfer reagents can decrease 
the interfacial surface tension.
372a
 
To determine a suitable stirring speed for application to the standard protocol, the 
dependence of catalytic activity on stirring speed was determined for a variety of variably active 
quaternary ammonium ions. Reaction half-lives were determined following the experimental 
parameters noted above employing a range of stirring rates (1038 – 2500 rpm). The resulting 
observed half lives are plotted as a log/log in analogy to a dose-response graph (Figure 2.8).
346
 
The top two curves represent catalysts with low activity whereas the two lower curves represent 
catalysts with much higher activity. Importantly, there is a sufficient range of stirring speeds, 
along which the activities of all of the catalysts surveyed are dependent (non-zero slope) on 
mixing rate. In choosing the stir rate with which all of the kinetic experiments were to be carried 
out, the important considerations were: (1) sufficient and consistent mixing, (2) operationally 
accessible, and (3) that the stir rate existed in a region where a reaction rate dependence was still 
85 
observed. The stir rate of 1600 rpm fit within all three of these criteria (represented by the black 
vertical dotted line in Figure 2.8) and therefore, all of the remaining kinetic data were collected 
at this stir rate.  
 
Figure 2.8. Effect of stir rate on reaction half-life with catalysts of varying structure and activity. 
TPAB = tetrapropylammonium bromide, TBAB = tetrabutylammonium bromide. 
 
2.4.3. Summary of the Kinetic Data.  
2.4.3.1. Statistical Description. 
With a working analytical method in hand, a large subset of the ammonium salts was 
evaluated for their kinetic competence, represented as reaction half-lives. The reaction half-lives 
were determined by interpolation of the kinetic plot of percentage of product formation as a 
function of time. The reported reaction half-life values represent averages over two runs with an 
average error of 4.5%.
446
 Data from kinetic runs that resulted in errors exceeding 20% was 
discarded and repeated until an error of less than 20% was observed (two catalysts, Figure 2.9b). 
To date, reaction half-lives for 102 of the 160 catalysts have been collected. The observed 
half-life data covers four orders of magnitude of activity that was deemed suitable for the initial 
investigation of the structural effects of catalyst on rate. The reaction half-life data collected 
from these experiments ranged from 5 min to over 9,000 min and is summarized in logarithmic 
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scale below (Figure 2.9). Of the 102 catalysts surveyed to date 52 of them exhibited half-lives of 
20 min or less. Twenty-three catalysts make up the data between 20 min and 1 h, and the half-
lives of the remaining 27 catalysts range from 1 h to 15 h.   
 
Figure 2.9. (a) Histogram of reaction half-life (t1/2) data in logarithmic form. (b) Histogram of 
the error in reaction half-life determination, scaled by standard deviation / average. 
 
2.4.3.2. Catalytic Activities of Library I.  
The half-life data for Library I is summarized in Table 2.3. These ammonium ions 
showed fairly poor catalytic activity exhibiting half-lives in the range of 5 to 12 h. The one 
exception was the catalyst containing an n-hexyl nitrogen substituent. In this case the half-life 
observed was only 13 min. 
Table 2.3. Half-life Data for Library I. 
  
entry Library # R
4
 t1/2, min 
1 I{1} C6H5 940 
2 I{2} 1-naphthyl 730 
3 I{3} 2-naphthyl na 
4 I{4} 9-anthryl 324 
5 I{5} 3,5-(CF3)2C6H3 na 
6 I{6} n-hexyl 12.8 
9
N
H HMe
R4 Br
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2.4.3.3. Catalytic Activities of Libraries II and III.  
The half-life data for Libraries II and III is summarized in Table 2.4. These ammonium 
salts are generally more active catalysts than those lacking an oxygen substituent and exhibited 
half-life range from 6 min to 5.7 h. Catalysts containing a non-hydrogen substituent at R
3
 are 
generally more active than the corresponding catalysts with hydrogen at R
3
. However, no clear 
dependence of the nature of the R
3
 substituent on catalyst activity was discernable. When R
3
 = H, 
the rate was markedly dependent on the configuration at C(1) (entries 5 vs. 6). However, when 
R
3
 ≠ H, the half-life was nearly independent on the C(1) configuration (entries 10 vs. 11, 12 vs. 
13, 16 vs. 17, 21 vs. 22, and 23 vs. 24). 
2.4.3.4. Catalytic Activities of Libraries IV and V.  
Reaction half-life data for Libraries IV and V is summarized in Table 2.5. The activity of 
these catalysts appears to be largely dependent on the R
2
 substituent within the series. 
Comparing catalysts with fixed R
1
, R
3
, and R
4
, substituents, but with varying R
2
 substituents, the 
following trend in rates holds: R
2
 = i-Pr > Me > Ph. However, there are important exceptions. 
For example, catalysts containing R
4
 = 3,5-(CF3)2C6H3, R
1
 = Me, R
3
 = benzyl, the following 
trend in half-life holds for R
2
: Me > i-Pr > t-Bu > Ph (entries 13, 26, 35, 39). Evidently, a 
compelling, but complex dependence of the bis(trifluoromethyl)phenyl group at R
4
 on the 
catalyst activity is observed. Moreover, ammonium salts containing R
3 
= n-hexyl are generally 
more active than catalysts with R
3 ≠ n-hexyl with all other substituents held constant, which 
suggests a dependence on lipophilicity. 
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Table 2.4. Half-life data for Library II and III. 
 
entry Library # R
3
 R
4
 
C(1)- 
configuration 
t1/2, min 
1 II{1,1} H C6H5 α 181 
2 II{1,2} H 1-naphthyl α 179 
3 II{1,4} H 9-anthryl α 298 
4 II{1,5} H 3,5-(CF3)2C6H3 α 346 
5 II{1,3} H 2-naphthyl α 245 
6 III{1,3} H 2-naphthyl β 72 
7 II{2,1} C6H5 C6H5 α 10 
8 II{2,2} C6H5 1-naphthyl α 18 
9 II{2,3} C6H5 2-naphthyl α 12.1 
10 II{3,1} n-hexyl C6H5 α 11.7 
11 III{3,1} n-hexyl C6H5 β 14.8 
12 II{3,2} n-hexyl 1-naphthyl α 6.6 
13 III{3,2} n-hexyl 1-naphthyl β 9.5 
14 III{3,3} n-hexyl 2-naphthyl β 13.5 
15 II{3,5} n-hexyl 3,5-(CF3)2C6H3 α 12.7 
16 II{3,6} n-hexyl n-hexyl α 4.6 
17 III{3,6} n-hexyl n-hexyl β 5.5 
18 II{4,1} MEM C6H5 α 17.5 
19 II{4,2} MEM 1-naphthyl α 12.3 
20 II{4,3} MEM 2-naphthyl α 22.8 
21 II{5,1} 2-pyridyl C6H5 α 17.1 
22 III{5,1} 2-pyridyl C6H5 β 11.1 
23 II{5,2} 2-pyridyl 1-naphthyl α 6.6 
24 III{5,2} 2-pyridyl 1-naphthyl β 11 
25 II{5,3} 2-pyridyl 2-naphthyl α 12.7 
26 II{5,4} 2-pyridyl 9-anthryl α 21.1 
27 II{5,5} 2-pyridyl 3,5-(CF3)2C6H3 α 31.8 
 
  
N
H HMe
R4
O
R3
H

Br
89 
Table 2.5.  Reaction Half-life Data for Library IV and V. 
 
entry Library # R
1
 R
2
 R
3
 R
4
 
C(1)- 
configuration 
t1/2, min 
1 IV{2,2,1} H Me C6H5 C6H5 α 93.5 
2 IV{2,2,2} H Me C6H5 1-naphthyl α 51.1 
3 IV{3,2,1} H i-Pr C6H5 C6H5 α 19.5 
4 IV{3,2,5} H i-Pr C6H5 3,5-(CF3)2C6H3 α 26.1 
5 IV{5,2,5} H C6H5 C6H5 3,5-(CF3)2C6H3 α 16.3 
6 V{1,2,1} Me H C6H5 C6H5 α 32.5 
7 V{1,2,8} Me H C6H5 4-(MeO)C6H4 α 51.8 
8 V{1,2,8} Me H C6H5 4-(MeO)C6H4 β 53.9 
9 V{1,2,7} Me H C6H5 3,5-(t-Bu)2C6H3 β 9.78 
10 V{1,2,6} Me H C6H5 n-hexyl α 24.7 
11 V{2,2,1} Me Me C6H5 C6H5 α 20.7 
12 V{2,2,3} Me Me C6H5 2-naphthyl α 23.0 
13 V{2,2,5} Me Me C6H5 3,5-(CF3)2C6H3 α 899.7 
14 V{2,2,8} Me Me C6H5 4-(MeO)C6H4 α 19.9 
15 V{2,2,7} Me Me C6H5 3,5-(t-Bu)2C6H3 α 15.1 
16 V{2,2,6} Me Me C6H5 n-hexyl α 28.1 
17 V{2,3,1} Me Me n-hexyl C6H5 α 23.0 
18 V{2,3,2} Me Me n-hexyl 1-naphthyl α 75.8 
19 V{2,3,3} Me Me n-hexyl 2-naphthyl α 30.7 
20 V{2,3,5} Me Me n-hexyl 3,5-(CF3)2C6H3 α 236.0 
21 V{2,3,8} Me Me n-hexyl 4-(MeO)C6H4 α 26.5 
22 V{2,3,7} Me Me n-hexyl 3,5-(t-Bu)2C6H3 α 28.9 
23 V{2,3,6} Me Me n-hexyl n-hexyl α 21.1 
24 V{2,7,1} Me Me 4-(MeO)C6H4 C6H5 α 17.9 
25 V{3,2,1} Me i-Pr C6H5 C6H5 α 132.1 
26 V{3,2,5} Me i-Pr C6H5 3,5-(CF3)2C6H3 α 122.1 
27 V{3,2,7} Me i-Pr C6H5 3,5-(t-Bu)2C6H3 α 28.6 
28 V{3,3,1} Me i-Pr n-hexyl C6H5 α 41.8 
29 V{3,3,3} Me i-Pr n-hexyl 2-naphthyl α 20.3 
30 V{3,3,5} Me i-Pr n-hexyl 3,5-(CF3)2C6H3 α 62.4 
31 V{3,3,8} Me i-Pr n-hexyl 4-(MeO)C6H4 α 42.7 
32 V{3,2,6} Me i-Pr C6H5 n-hexyl α 86.0 
33 V{3,7,5} Me i-Pr 4-(MeO)C6H4 3,5-(CF3)2C6H3 α 60.9 
34 V{3,7,8} Me i-Pr 4-(MeO)C6H4 4-(MeO)C6H4 α 249.4 
35 V{4,2,5} Me t-Bu C6H5 3,5-(CF3)2C6H3 α 95.8 
N1
H HMe
R4
O
R3
R2
R1
Br
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Table 2.5. (cont.) Reaction Half-life Data for Library IV and V. 
        
36 V{5,2,1} Me C6H5 C6H5 C6H5 α 10.6 
37 V{5,2,2} Me C6H5 C6H5 1-naphthyl α 12.2 
38 V{5,2,3} Me C6H5 C6H5 2-naphthyl α 10.3 
39 V{5,2,5} Me C6H5 C6H5 3,5-(CF3)2C6H3 α 9.5 
40 V{5,2,8} Me C6H5 C6H5 4-(MeO)C6H4 α 17.5 
41 V{5,2,9} Me C6H5 C6H5 (4-CF3)C6H4 α 16.0 
42 V{5,2,10} Me C6H5 C6H5 (4-CN)C6H4 α 14.4 
43 V{5,3,1} Me C6H5 n-hexyl C6H5 α 9.5 
44 V{5,3,2} Me C6H5 n-hexyl 1-naphthyl α 18.7 
45 V{5,3,3} Me C6H5 n-hexyl 2-naphthyl α 13.1 
46 V{5,3,5} Me C6H5 n-hexyl 3,5-(CF3)2C6H3 α 4.9 
47 V{5,3,8} Me C6H5 n-hexyl 4-(MeO)C6H4 α 9.9 
48 V{5,3,7} Me C6H5 n-hexyl 3,5-(t-Bu)2C6H3 α 8.5 
49 V{5,6,1} Me C6H5 3,5-(CF3)2C6H3 C6H5 α 7.9 
50 V{5,6,5} Me C6H5 3,5-(CF3)2C6H3 3,5-(CF3)2C6H3 α 7.0 
51 V{5,6,8} Me C6H5 3,5-(CF3)2C6H3 4-(MeO)C6H4 α 6.9 
52 V{5,7,1} Me C6H5 4-(MeO)C6H4 C6H5 α 19.9 
53 V{5,7,2} Me C6H5 4-(MeO)C6H4 1-naphthyl α 19.2 
54 V{5,7,3} Me C6H5 4-(MeO)C6H4 2-naphthyl α 12.0 
55 V{5,7,5} Me C6H5 4-(MeO)C6H4 3,5-(CF3)2C6H3 α 18.6 
56 V{5,7,7} Me C6H5 4-(MeO)C6H4 3,5-(t-Bu)2C6H3 α 14.6 
57 V{7,2,1} Me 1-naphthyl C6H5 C6H5 α 13.7 
58 V{7,2,5} Me 1-naphthyl C6H5 3,5-(CF3)2C6H3 α 28.7 
59 V{7,2,8} Me 1-naphthyl C6H5 4-(MeO)C6H4 α 11.3 
60 V{7,2,9} Me 1-naphthyl C6H5 (4-CF3)C6H4 α 11.8 
61 V{7,2,10} Me 1-naphthyl C6H5 (4-CN)C6H4 α 48.6 
62 V{6,2,1} Me 2,4,6-(CH3)2C6H2 C6H5 C6H5 α 12.2 
63 V{6,2,8} Me 2,4,6-(CH3)2C6H2 C6H5 4-(MeO)C6H4 α 11.8 
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2.4.3.5. Other Quaternary Ammonium Ions.  
Varying the substituents on a common scaffold allowed for observation of a large range 
of rates. To determine how much of the ―total possible‖ range of activity was being sampled 
tetramethylammonium bromide (TMAB, q = 4.0) was tested and exhibited a half-life of 1200 
min (Table 2.6).
447
 The similarly hydrophilic, but less accessible tetraethylammonium bromide 
(q = 2.0) exhibited a 20-fold rate increase over TMAB. The more lipophilic, but similarly 
accessible cation cetyltrimethyl (C19 total, q = 3.06) ammonium bromide was only three times 
faster than TMAB (entry 3). The rate increase from tetramethyl- to tetraethylammonium bromide 
was also seen in the use of tributylbenzylammonium bromide, which caused a further 20-fold 
rate increase. To directly address this dramatic effect of ammonium accessibility with catalysts 
more closely related to the common scaffold, one other small set of quaternary ammonium ions 
was constructed that replaces one of the pyrrolidine rings of the scaffold with an azetidine.
448
 
This ring system of the last library (Library VI) of quaternary ammonium ions was prepared in 
racemic form from amino alcohol 29 by standard Mitsunobu reaction conditions followed by 
quenching with borane (Scheme 2.17). The amino alcohol 29 was prepared via the previously 
published route. As expected, the ammonium ions containing an azetidine ring exhibited overall 
poor catalytic activity with half-lives ranging from 900 to 1000 min (Table 2.6). 
Scheme 2.17 
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Table 2.6. Half-life Data for other Quaternary Ammonium Ions. 
 
entry Library # catalyst R
4 
t1/2, min 
1 - Me4N - 12,000 
2 - Et4N - 480 
3 - Me3NC16H33 - 2800 
4 - n-Bu3NBn - 21 
5 VI{1} - C6H5 890 
6 VI{2} - 1-naphthyl 1000 
7 VI{3} - 2-naphthyl 1090 
 
2.5. Collection of Catalyst Enantioselectivity Data.  
In addition to determining the substituent effects on rate, those structural features that 
most strongly affect enantioselectivity were of equal interest. Summarized below is the 
enantioselectivity data for all 143 chiral, non-racemic catalysts constructed to date. The 
enantiomeric ratio of benzylated product 26 was measured by purifying a sample by silica gel 
chromatography from a separate experiment at 2-4 
o
C with 2.5 mol % catalyst loading. The 
enantiomeric ratios were determined by CSP-HPLC. 
2.5.1. Enantioselectivity for Library II.  
The enantioselectivity data for the -series (Library II, R1 = R2 = H) is summarized in 
Table 7. For this series, when the oxygen substituent (R
3
) was hydrogen, a small, but detectable 
selectivity for the S enantiomer was seen. However, this effect was only seen when the N-
substituent was branched (entries 1 and 3 vs. 2, 4-6). Substituting R
3
 with aliphatic (entries 7-12) 
and ethereal (entries 13-18) substituents did not result in a significant difference in the 
enantioselectivity. Installation of the 2-pyridyl group at the R
3
 position led to a minor enrichment 
N
H HMe
R4
X
Br
R2
N
R3
R4
R1
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in the R enantiomer. The inclusion of a benzyl group at R
3
 (entries 19-24) led to poor selectivity 
irrespective of the nitrogen substituent. In summary, only poor to moderate enrichment of the S 
enantiomer
449
 was observed with variable R
3
 and R
4
 substituents and where R
1
 = R
2
 = H whereas 
catalysts with R
1
 = Me in conjunction with R
4
 bearing a 3,5-substitution pattern gave slightly 
higher selectivities in this series.  
 
2.5.1.1. Enantioselectivity for Library III.  
The enantioselectivity data for the -series (Library III, R2 = H) is summarized in Table 
8. As was seen with the α-series, catalysts with R3 = H produced low to moderate enrichment of 
the S enantiomer of 26 with R
4 
= 3,5-(CF3)2C6H3 (entry 4, e.r. 57:43) exhibiting the largest 
selectivity. Relative to the α-series, catalysts with R3 = aliphatic consistently produced the S 
enantiomer in slightly greater enrichment (entries 7-12). Additionally, moderate 
enantioselectivity was observed in catalysts containing a 2-pyridyl group (where the point of 
attachment is the sp
2
 carbon of the heteroaromatic ring) at R
3
 (entries 19, 22, and 24) with the 
largest selectivity observed when R
4
 = 1-naphthyl. Similar results were observed in catalysts 
with R
3 
= benzyl within this series, apart from when R
4 
= Ph (entry 18) which resulted in 
decreased selectivity. Overall, the enantioselectivity data for the catalysts in Library III was 
greater than their diastereomeric counterparts Library II. 
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Table 2.7. Enantioselectivity of Library II. 
 
entry Library # R
3
 R
4
 er, S:R 
1 II{1,2} H 1-naphthyl 54:46 
2 II{1,3} H 2-naphthyl 51:49 
3 II{1,4} H 9-anthryl 54:46 
4 II{1,5} H 3,5-(CF3)2C6H3 53:47 
5 II{1,6} H n-hexyl 51:49 
6 II{1,1} H C6H5 52:48 
7 II{3,2} n-hexyl 1-naphthyl 52:48 
8 II{3,3} n-hexyl 2-naphthyl 51:49 
9 II{3,4} n-hexyl 9-anthryl 51:49 
10 II{3,5} n-hexyl 3,5-(CF3)2C6H3 51:49 
11 II{3,6} n-hexyl n-hexyl 53:47 
12 II{3,1} n-hexyl C6H5 52:48 
13 II{4,2} MEM
 
1-naphthyl 50:50 
14 II{4,3} MEM 2-naphthyl 51:49 
15 II{4,4} MEM 9-anthryl 50:50 
16 II{4,5} MEM 3,5-(CF3)2C6H3 50:50 
17 II{4,6} MEM n-hexyl 50:50 
18 II{4,1} MEM C6H5 51:49 
19 II{2,2} C6H5 1-naphthyl 50:50 
20 II{2,3} C6H5 2-naphthyl 48:52 
21 II{2,4} C6H5 9-anthryl 50:50 
22 II{2,5} C6H5 3,5-(CF3)2C6H3 50:50 
23 II{2,6} C6H5 n-hexyl 51:49 
24 II{2,1} C6H5 C6H5 47:53 
25 II{5,2} 2-pyridyl 1-naphthyl 46:54 
26 II{5,3} 2-pyridyl 2-naphthyl 48:52 
27 II{5,4} 2-pyridyl 9-anthryl 45:55 
28 II{5,5} 2-pyridyl 3,5-(CF3)2C6H3 50:50 
29 II{5,6} 2-pyridyl n-hexyl 48:52 
30 II{5,1} 2-pyridyl C6H5 47:53 
 
 
 
N
H HMe
R4
O
R3
Br
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Table 2.8. Enantioselectivity of Library III. 
 
entry Library # R
3
 R
4
 er, S:R 
1 III{1,2} H 1-naphthyl 48:52 
2 III{1,3} H 2-naphthyl 55:45 
3 III{1,4} H 9-anthryl 50:50 
4 III{1,5} H 3,5-(CF3)2C6H3 57:43 
5 III{1,6} H n-hexyl 52:48 
6 III{1,1} H C6H5 55:45 
7 III{3,2} n-hexyl 1-naphthyl 48:52 
8 III{3,3} n-hexyl 2-naphthyl 55:45 
9 III{3,4} n-hexyl 9-anthryl 47:53 
10 III{3,5} n-hexyl 3,5-(CF3)2C6H3 52:48 
11 III{3,6} n-hexyl n-hexyl 53:47 
12 III{3,1} n-hexyl C6H5 54:46 
13 III{2,2} C6H5 1-naphthyl 64:36 
14 III{2,3} C6H5 2-naphthyl 48:52 
15 III{2,4} C6H5 9-anthryl 44:56 
16 III{2,5} C6H5 3,5-(CF3)2C6H3 57:43 
17 III{2,6} C6H5 n-hexyl 58:42 
18 III{2,1} C6H5 C6H5 53:47 
19 III{5,2} 2-pyridyl 1-naphthyl 64:36 
20 III{5,3} 2-pyridyl 2-naphthyl 48:52 
21 III{5,4} 2-pyridyl 9-anthryl 54:46 
22 III{5,5} 2-pyridyl 3,5-(CF3)2C6H3 58:42 
23 III{5,6} 2-pyridyl n-hexyl 57:43 
24 III{5,1} 2-pyridyl C6H5 60:40 
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2.6. Discussion 
2.6.1. Analysis of Ammonium Ion Preparations and Synthetic Strategies.  
Since the discovery of asymmetric phase transfer catalysis with cinchona alkaloid 
derivatives, a significant level of effort has been devoted to the introduction of novel synthetic 
catalyst structures. Most of the synthetic endeavors fall into one of the following two synthetic 
strategies: (1) elaboration of a readily available source of chiral material by appending a non-
stereogenic quaternary ammonium ion or (2) incorporation of a quaternary ammonium into a 
molecule in such a way that it lies on a symmetry axis. Although each of these approaches has 
seen some success, the synthetic strategy presented herein is significantly different and warrants 
discussion. 
The approach presented here is unique in that the synthetic effort was focused on 
systematically varying the steric and electronic environment around a central stereogenic 
quaternary ammonium ion. To this end, the synthetic investment was divided into two different 
parts. The first part involved preparation of a nitrogen containing scaffold (a 
cyclopentapyrrolizidine) on a significant scale which was readily accomplished by application of 
the tandem inter [4+2]/intra [3+2] cycloaddition of nitroalkenes with only minor changes to the 
previously published routes. Notably, the tandem cycloaddition also served as a diversifying 
element in that it was in this step that the configuration at C(1) was set (Libraries II and III) and 
the R
1
 group was introduced stereoselectively, which subsequently proved to be a critical catalyst 
structural feature. 
The second synthetic component involved development of procedures amenable to 
parallel synthesis that introduced a variety of groups in the vicinity of the ammonium nitrogen. 
Ultimately, three operationally simple bond forming reactions were utilized to accomplish this 
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goal that allowed for the catalysts to be prepared in a parallel fashion. The tandem cycloaddition 
naturally installs a hydroxyl group at C(1) which served as a functional handle for two parallel 
synthesis steps; a Grignard addition and an O-alkylation, leaving only N-quaternization as the 
final parallel synthesis step. Including the previously installed R
1
 substituent a total of four 
variable groups were introduced. The diversity and number of groups utilized was greatest for 
the positions that could be incorporated in parallel (R
2
,
 
6; R
3
, 7; R
4
, 11) and the least for the 
group that required a recast skeleton (R
1
, 2). A good appreciation for the shape of the catalyst(s) 
and disposition of the variable groups in relation to the ammonium nitrogen is necessary to 
facilitate a thorough analysis of the effect of each group (and combinations thereof) on catalytic 
activity and selectivity. 
2.6.2. Catalyst Shape and Position of Groups.  
Library I is a logical starting point because the inherent symmetry simplifies the analysis. 
Below is a plot of the relative conformer energies as a function of a double dihedral driver about 
bonds C(5a)-C(6)-C(7)-C(7a) and C(7b)-N(3)-C(9)-C(10) for catalyst I{1} (Figure 2.10).
450
 A 
full 360 degree rotation about the C(7b)-N(3)-C(9)-C(10) bond constitutes a full range of motion 
of the R
4
 substituent, in this case, a phenyl group. The R
4
 substituent can be found in two local 
sparsely populated minima corresponding to gauche conformations (+/- 60
o 
about the N(3)-C(9) 
bond), which, in the case of Library I, are a pair of diastereomeric conformers. A single, highly-
populated, global minimum is found when the R
4
 substituent is projected 180
o
 away from the 
N(3)-C(9) bond. A small energetic barrier separates the global and local minima, but a ―full 
range of motion‖ of the R4 substituent is prohibited because of steric interactions with the C(8)-
methyl group. For the remainder of this discussion the R
4
 group will be projected in its global 
minimum of ~180
o
. 
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Rotation about the C(6)-C(7) bond interconverts two envelope conformations of the 
central cyclopentane ring, which are enantiomeric for catalyst I{1}. The interconversion of these 
enantiomeric conformers is more facile than rotation around the N(3)-C(9) bond and of little 
consequence to the shape of the scaffold. Therefore, in the simplest collection of catalysts, 
Library I, the population of interconvertible conformers consists of two energetic sets, one 
enantiomeric (same internal distance matrices) and the other a set of three diastereomeric 
conformers (different internal distance matrices). 
 
 
Figure 2.10. Conformer energy as a function N-C(9) rotation and C(6)-C(7) bond rotation. 
 
Substitution of the ring system in any way removes the symmetry plane in the scaffold of 
Library I, therefore, all catalysts (except Library I), consist of at least six diastereomeric 
conformers. Because only one or two of these conformers are highly populated, in any 
projections or analysis from this point on the lowest energy conformer of the ring system will be 
depicted. 
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The remaining three variable groups each reside in different faces of the central 
ammonium nitrogen (R
1
 and R
2
). The R
1
 and R
2
 groups are placed directly on the right and left 
convex faces, and the R
3
 group resides in the concave face of the scaffold (see Figure 2.11). 
 
Figure 2.11. Representation of the convex faces of the ammonium scaffold. 
 
2.6.3. Summary of Results.  
A brief summary of the rate and enantioselectivity data is necessary to facilitate the 
following discussion. The kinetic results are summarized in bar graph format in Figure 2.12. In 
general catalysts that bear an oxygen substituent at C(1) are more active than catalysts without 
this oxygen substituent, and the configuration of the oxygen functional group does not influence 
the reaction rate significantly. However, the catalytic activity is greater for ethers compared to 
alcohols. In addition, there is a decrease in catalytic activity when the substituent bonded to the 
nitrogen is strongly electron withdrawing (e.g. R
4
 = (3,5-CF3)2C6H3). This effect is large when 
the R
2
 substituent is small and aliphatic (R
2
 = H, Me) and moderate when R
2
 is bulky and 
aliphatic (R
2
 = i-Pr, t-Bu). Significantly less dependence on the nitrogen substituent was 
observed when R
2
 was aromatic (Ph, mesityl, 1-naphthyl). Quaternary ammonium ions 
containing a four membered ring (Library VI) displayed comparable activity to the parent 
scaffold (Library I). The catalytic activity of these unfunctionalized ring systems are not as high 
as tetraethylammonium but better than cetyltrimethyl ammonium in activity. 
 
N
H3C R1
O
R3
R2
R4
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Figure 2.12. Structural Clustering of Kinetic Data. 
Given the large volume of data presented herein, a concise statistical summary provides a 
good indication of which data is the most interesting and worthy of detailed analysis. The 
relative contribution of the groups to the variation in the observed data is estimated by examining 
the standard deviation as a function of each group (R
1
-R
4
). That is, the larger deviation in the 
observed rate (or selectivity) as a function of group positional substitution, then the greater is the 
relationship of that substituent (R
2
-R
4
) to the observed effect (rate or selectivity, Figure 2.13). 
Therefore, the variation approximates the sensitivity of the rate and selectivity to a structural 
change at the indicated substituent. Both catalyst activity and rate are influenced the most by the 
groups R
2
 and R
4
, with the greatest dependence on R
4
. Also, in both cases, the R
3
 group has the 
least influence. The R
1
 group was not sufficiently varied for interpretation by this analysis. 
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The observation that the enantioselectivity is affected in a similar manner to the reaction 
rate may lead to interesting mechanistic interpretation. For instance, a possible consequence that 
is consistent with this analysis (but not unambiguously supported) is the direct relationship 
between the rate determining step and the selectivity-determining step (formation of a stable 
chiral ion-pair and/or alkylation of the enolate). 
 
 
Figure 2.13. Variation in rate and selectivity as a function of positional group substitution. 
 
2.6.4. Effect of an Oxygen Substituent.  
The presence of an oxygen at C(1) is a natural consequence of the tandem cycloaddition 
utilized to construct the scaffolds. However, inclusion of an oxygen substituent beta to the 
ammonium center appears to have an important effect on the catalytic activity (compare 
Libraries I and II). Similar observations have been reported previously for -hydroxy quaternary 
ammonium ion phase transfer catalysts and rationalized by invoking a hydrogen bond donating 
interaction from the catalyst.
451
 This analysis is consistent with the observation that -hydroxy 
ammonium ions exhibit a high affinity for hydroxide ion.
452
 Indeed, a -oxygen substituent is a 
common structural motif employed in many asymmetric quaternary ammonium phase transfer 
catalysts.
453-459
 Importantly, this substituent is a natural structural component of the cinchona 
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alkaloids, but its inclusion in many other synthetic catalysts is likely a consequence of synthetic 
accessibility or serendipity. Because the rate enhancement that arises -oxygenated ammonium 
ion catalysts has been observed previously and because it is a structural feature shared with 
cinchona derived catalysts, a more detailed analysis of the effect of -oxygen substitution was 
sought. Insight to the origin of the rate enhancement effect could be gleaned by application of 
quantitative structure-activity relationships and will be discussed in the following chapter 
(Chapter 3). However, changes in the local electronic environment of the ammonium upon 
inclusion of a -oxygen substituent required some analysis to provide a stolid framework for 
even a qualitative rationalization of the rate and selectivities observed in this data set. 
The electronic perturbation caused by an oxygen atom two carbons removed from the 
ammonium center is manifested in two related electronic effects, the electrostatic potential 
interaction and the direction of the dipole. Some insight is gleaned by comparison of the 
electrostatic potential maps of the oxygenated and unoxygenated catalyst scaffolds (Figure 2.14). 
In the Cs symmetric ammonium salts (Library I), the charge distribution is equally dispersed 
between the two convex faces, even though, in reality the lowest energy conformer (depicted) is 
not Cs symmetric. In contrast, inclusion of an alkoxy group two carbons removed from the 
ammonium nitrogen results in a considerable polarization of the positive potential toward the 
face to which it is attached (Library II, methoxy is included for simplicity). That is, the two 
convex faces of the ammonium ion are differentiated electronically, such that a greater positive 
potential resides on the left face. The same change in electronic distribution is manifested in the 
direction of the dipole vector (Figure 2.14). The dipole vector in the Cs symmetric scaffold 
bisects the R
4
 substituent (the only polarizable group), reflecting the equal distribution of charge 
on the left and right faces of the pyrrolizidine unit. The dipole in the oxygenated analog is rotated 
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60
o
 clockwise such that the positive end is projected toward the left convex face of the 
ammonium ion. This analysis is consistent with a stronger electrostatic interaction with the left 
convex face than the right, which, in turn, is consistent with the experimentally observed fact that 
the R
2
 substituent has a large effect on the observed rate and selectivity. Since both rate and 
selectivity are highly dependent on the R
2
 group and little to no selectivity is observed when R
1
 = 
H, our data seems most consistent with a selective ―docking‖ of the enolate to the left convex 
face of the ammonium. That is, the oxygen serves to increase the positive potential on the left 
convex face and the R
1
 group acts to sterically shield the right convex face of the ammonium ion. 
 
Figure 2.14. Electrostatic potential surfaces (M06-2x/6-31G(d)) of scaffolds for Library I (no 
oxygen) and Library II (with oxygen). The difference in the maximum positive potential on the 
left and right faces for the I is 1.2 kcal/mol and for II is 4.7 kcal/mol (relative energies are 0 
kcal/mol and 3.5 kcal/mol). 
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2.6.5. Catalytic Activity. 
2.6.5.1. Accessibility of the Ammonium Ion.  
The catalytic activity of PTC alkylation processes has been correlated with the 
accessibility of the ammonium nitrogen (in terms of q) of the catalyst, where an optimum 
accessibility is found.
365
 The observation of a maximum catalyst activity as a function of 
ammonium accessibility has two similar explanations. In the first, the accessibility of the 
ammonium nitrogen is related to the rate of exchange of anions, a kinetic phenomenon.
77
 In the 
second, the accessibility of the ammonium nitrogen is related to the ability of the catalyst to 
decrease the interfacial tension and thereby facilitate enolate transfer, a thermodynamic 
phenomenon.
372,460,461
 
The data collected herein are largely consistent with these proposals, with the added 
complexity that the magnitude of the exposed positive potential (+) should be considered as 
well. On the basis of the analysis above, the accessibility of the positive potential (+, left convex 
face) should be correlated with the steric bulk of the R
2
 substituent. Regardless of the 
interpretation, the sensitivity of the rate to the R
2
 substituent discussed above (Figure 2.13) 
advocates a strong dependence of the overall reaction rate on the nitrogen accessibility (steric 
nature of R
2
). 
The form of the observed dependence is partially revealed by examining the reaction 
half-lives as a function of the R
2
 substituent for selected R
4
 groups (Table 2.9, MR = molar 
refractivity).
462
 The dependence is weak when the electronic character of R
4
 is neutral to 
moderately electron rich (R
4
 = C6H5, 4-MeOC6H4). However, a much stronger dependence is 
seen for catalysts containing the R
4
 = 3,5-(CF3)2C6H3 group. In these catalysts an increase in 
steric bulk from i-Pr to t-Bu does not lead to a significant rate enhancement relative to the 
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enhancement from Me to i-Pr. However, an increase in activity is observed for R
2
 = Ph, which is 
somewhat diminished when the R
2
 group is a larger aromatic group (mesityl or naphthyl). This 
disparity may be rationalized by ammonium accessibility, such that catalysts with R
2
 = Ph have 
an optimum accessibility. Alternatively, the additional steric bulk on the left face of the 
pyrrolizidine unit may cause the enolate to associate more favorably on the right face of the 
scaffold when the R
2
 substituent is larger than the R
1 
substituent. The stereochemical course of 
the alkylation with these catalysts also support the latter rationale as a reversal in absolute 
configuration of the product was observed. However, it is not clear whether the enolate 
extraction step or the alkylation step is stereochemistry determining, or whether they occur in 
concert. 
Table 2.9. Reaction Half-times (min) of Selected Catalysts with R
1
 = Me, R
3
 = Ph and Variable 
R
2
 and R
4
. 
 
   R
4
  
R
2
 MR
a 
C6H5 3,5-(CF3)2C6H3 4-(MeO)C6H4 
Me 6.88 21 900 18 
i-Pr 16.08 132 122 174 
t-Bu 20.85 - 96 - 
phenyl 25.28 11 10 18 
mesityl 42.97 12 62 12 
1-naphthyl 42.45 14 29 11 
a
MR = molar refractivity of the R
2
 substituent calculated by 
Chemdraw. 
 
Rationalizing the effect of the R
2
 substituent in terms of steric bulk makes intuitive sense 
because placing groups in this position modulates the relative accessibility of the positive 
potential at the two convex faces. However, other explanations are possible. For example, one 
could argue that the major structural perturbation upon replacing a branched aliphatic group with 
N
H HMe
O
R2
Me
Ph R
4
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an aromatic group is the introduction of a -surface. This line of reasoning is worth considering 
since the physical interpretation is different, which leads to a distinctly different conclusion. If 
introduction of a -surface in the catalyst adds an additional binding force for the substrate anion 
(π-π interactions), then one may conclude that the equilibrium between catalyst+X- (Br- or HO-) 
and catalyst
+
enolate
-
 ion pair is shifted toward the enolate complex. Therefore, the net rate 
enhancement could possibly be attributed to a greater proportion of catalyst being bound to 
enolate, a strictly thermodynamic phenomenon. 
All of the comparisons in this section have been made with catalysts containing a 3,5-
(CF3)2C6H3 group at R
4
. The same interpretations cannot be readily applied to catalysts without a 
3,5-(CF3)2C6H3 group at R
4
. Most consistent with the above analysis of charge polarization, the 
3,5-(CF3)2C6H3 group must impart sufficient charge polarization to amplify the effect of the 
variable R
2
 group. Interpretation of these observations in the context of a transfer rate limiting 
regime has led to the conclusion that an optimum ammonium accessibility, or charge exposure is 
likely. In other words, a greater charge exposure will increase the ammonium ions association 
with the anionic hydroxide surface. However, if the exposed + area or charge density is too 
great, then the catalyst will not dissociate away from the interface as readily. 
Summary of Catalyst Activity Discussion.  
Three important elements can be inferred from the discussion of rate: 
(1) the observed increase in catalyst activity upon the inclusion of an oxygen substituent is 
attributed to the increase in the rate of ion pair formation and/or a decrease in interfacial 
tension 
(2) the observed decrease in catalyst activity upon the inclusion of the 3,5-(CF3)2C6H3 
group at R
4
 for small groups at R
2
 (H, Me, i-Pr) is attributed to a diminished tendency 
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of the ion-pair to transport from the interface to the organic phase for alkylation due to 
greater charge density at the ammonium center. 
(3) the observed increase in catalyst activity upon the inclusion of aryl groups at R
2
 with 
R
4
= 3,5-(CF3)2C6H3 is attributed to an enhanced ability of the ion-pair to transport from 
the interface into the organic phase for alkylation because of an optimum surface 
exposure of the ammonium ion (kinetic) or a change in enolate binding equilibrium 
(thermodynamic). 
2.6.6. Enantioselectivity.  
The following is a rough qualitative summary of the enantioselectivity data collected thus 
far. The reader is referred to the dissertation of Larry M. Wolf for an in depth analysis of catalyst 
structural effects on enantioselectivity utilizing a comparative molecular field analysis. The 
intermolecular forces that have been proposed to contribute to enantioselectivity in APTC 
reactions include: (1) ROH•••–O–CR=CR2 hydrogen bonding
142
 (2) R3N
+
-CHR–H•••–O–
CR=CR2 (α-CH hydrogen bonding)
385 (3) π-π interactions.142 The most selective catalysts in this 
study do not contain OH hydrogen bond donating sites, therefore intermolecular force (1) can be 
eliminated as a stereocontrolling element. The results here support the operation of interactions 
(2) and potentially (3).  
 The unique structural features of the catalyst scaffold include the intrinsic shielding of 
two of the four faces of the imaginary tetrahedron encompassing the nitrogen and the capacity to 
differentiate the two remaining exposed faces (c.f. Figure 2.11). The second feature arises from 
the modular nature of the cycloaddition-based construction which allows both exposed front 
faces to be differentiated electronically (β-oxygenation) and sterically (relative steric bulk of R1 
and R
2
). Although those factors that control the topicity of the enolate reactivity are difficult to 
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predict, the factors that dictate the relative binding strengths of the enolate to each of the 
tetrahedral faces are more easily controlled and predicted. Initially, these factors were the 
primary focus for the design and construction of the libraries. 
 The observed enantioselectivities are largely dependent on the substituents that influence 
the binding of the anion to the face of the hypothetical tetrahedron around the ammonium ion 
with the largest concentration of positive potential (R
2
 and R
4
, Figure 2.11). The observation that 
the enantioselectivity is greatest for catalysts that bear strongly electron withdrawing groups on 
the nitrogen is consistent with the need for one or both of the following potential interactions: (1) 
α-CH-hydrogen bonding or (2) a tighter ion pair resulting from increased Coulombic interaction. 
Additionally, a π-surface is necessary at the R2 substituent, presumably to engage in π-stacking 
interactions with the phenyl rings of the reacting enolate. Moreover, the presence of an alkyl 
group at R
1 
is necessary to decrease the accessibility of the right hand face of the pyrrolizidine 
moiety because in its absence, the enantioselectivity is poor. This observation suggests that 
binding to the right hand face leads to lower selectivity because of the pseudo-enantiotopic local 
chirality. The aforementioned interactions seem to operate in concert as the absence of one of the 
interactions leads to significantly diminished enantioselectivities. 
 
2.7. Conclusions and Future Directions 
A synthetic strategy for the synthesis of diverse libraries of quaternary ammonium ions 
has been developed. The key feature of the synthetic strategy was to divide the preparative work 
into two distinct stages: (1) scaffold preparation and (2) diversity oriented parallel synthesis. In 
this way, a total of 160 structurally diverse quaternary ammonium ions were prepared that share 
a common scaffold constructed by a tandem inter[4+2]/intra[[3+2] cycloaddition of a 
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nitroalkene. A method was developed for the collection of kinetic data of a biphasic reaction that 
is applicable over a wide range of catalyst activities (reaction half-lives ranging from days to 
minutes). The range of data collected covers many orders of magnitude and therefore is well 
suited for analysis by the application of quantitative structure-activity relationships. Inclusion of 
an oxygen atom in the vicinity of the quaternary ammonium ion affects the catalytic activity. The 
catalyst enantioselectivity is strongly dependent on the substituent attached to the same carbon as 
the oxygen atom. These observations were rationalized in terms of a selective polarization of the 
positive potential on one of the faces of the tetrahedral ammonium over the other. The inclusion 
of a 3,5-substituted aromatic substituent on nitrogen enhances the polarization of this positive 
potential. With strongly electron withdrawing 3,5- trifluoromethyl groups, the previously 
observed dependencies on rate were amplified. The proposed dependencies of rate on the 
ammonium accessibility are consistent with the data reported herein with the added complexity 
that the magnitude of the ―ammonium charge‖ or charge density should be considered as well. 
Quantitative models have been developed to describe both the reactivity and selectivity trends 
discussed herein and constitute the focus of the following chapter (Chapter 3). 
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 Development of QSAR Models for the Chapter 3 
Catalytic Activity of Quaternary Ammonium Ions  
in an Enolate Alkylation 
 
3.1. Introduction 
A universal challenge in the chemical sciences is relating function to molecular structure. 
Linear free energy relationships (LFER) have served a fundamental role in physical organic 
chemistry by providing a quantitative correlation between reactivity and single group 
substitution.
463-467
 Throughout the last century the use of LFERs has been extended to include a 
multitude of parameters including steric and electronic
468
 effects, as well as lipophilicity
469 
and 
polarizability (see Section 1.2.7.1).
 
Presently, extended forms of LFERs, namely, quantitative 
structure activity relationships (QSARs) are a fundamental foundation upon which hypotheses of 
the biological function of small molecules are built (see Chapter 1, Section 1.2). As such, a 
schema to organize the steps of developing a QSAR have been developed (Figure 3.1). The first 
half of this endeavor, the collection of catalysts structures and activity data was described in the 
preceding chapter (Chapter 2). In this chapter, the second part, developing quantitative models 
for the catalyst activities are described. In chapter 4 and 5 the hypotheses (QSAR models) are 
tested experimentally and computationally. 
 
Figure 3.1. Schematic representation of the steps to a thorough QSAR study. 
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3.2. Application of QSAR to the Study of Catalysis. 
 In contrast to the extensive application of QSAR methods to probe biological 
problems, these methods have only recently been applied to problems in chemical reactivity and 
selectivity, especially in relation to catalytic systems.
470
 An area of catalysis for which QSAR 
methods exhibit high potential for applicability is Phase Transfer Catalysis (PTC). 
A few interrelated aspects of QSAR methods are particularly attractive for application 
toward asymmetric phase transfer catalysis (APTC) and warrant mention. First, QSAR methods 
have proven useful in understanding the relationship between the physicochemical properties of 
small molecules and the kinetics of their transfer across an interfacial barrier between two 
immiscible phases such as that present in all PTC systems.
471,472
 Second, QSAR methods have 
been extensively employed (and many descriptors developed) to investigate intermolecular, non-
covalent interactions (such as drug-receptor binding) that are the hallmark of reactions under 
PTC. Third, QSAR methods are well suited for discovery-oriented, informatics-based research 
and hypothesis generation (see Section 1.2.8).
293473-475
  Last, and most important is that QSAR 
methods generate mathematical equations that facilitate the formulation of hypotheses, which 
logically leads to their application as a predictive tool. The ability to predict catalyst activity or 
selectivity a priori continues to serve as one of the ―Holy Grails‖ of catalysis. This notion may 
be equally applied to APTC. 
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3.2.1. Goals of this Project.  
The primary objectives of this study were to develop quantitative structure-activity 
relationships of quaternary ammonium ion asymmetric phase transfer catalysts. This objective is 
motivated by a number of interrelated queries. For example, would a QSAR approach generate 
testable hypotheses about the origin of rate and selectivity of the catalysts?  If so, would these 
hypotheses be consistent or inconsistent with qualitative observations for other PTC enolate 
alkylations? Would a multivariate QSAR reveal any fundamentally important structural features 
inherent in desirable catalysts? Described herein are the development and analysis of QSAR 
models for the enantioselectivity and activity of the quaternary ammonium ion phase transfer 
catalysts reported in the previous chapter (Chapter 2). The preceding questions are addressed 
throughout the discussion sections as well as the conclusion section. The hope was that if some 
of these questions could be addressed, then the general method, namely a statistically drive 
QSAR analysis of catalysis, may serve as a more rational approach to catalysis discovery. 
3.3. Background 
3.3.1. Catalyst Activity.  
The primary objective of QSAR methods is to quantitatively model the variation in an 
activity observable as a function of variation in structure. Ideally, if physically meaningful 
descriptors are employed the origin of the relationship between structure and activity may be 
revealed. The most common experimental implementation of QSAR methods in the study of 
reactivity involves examining substrate reactivity as a function of systematic changes in a 
substituent. Apart from a few notable exceptions, the literature is deficient in reports on the 
application of quantitative methods to study catalyst activity. Among the most influential 
examples are studies that forged the concepts of general and specific acid and base catalysis.
178-
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180
 Another recent example in the field of homogeneous catalysis is a systematic study of catalyst 
activity as a function of the hydrogen bond donating ability of a catalyst (pKa).
476
 Finally, 
attempts to utilize QSAR methods to study catalysts for polymerization,
477-479
 homogeneous,
480-
484
 and heterogeneous catalysis are on record.
485
 
For phase transfer catalysts, structure-activity relationships have been established for 
simple, acyclic, achiral, quaternary ammonium ions that promote PTC reactions of small 
hydrophilic nucleophiles (e.g. cyanide, azide, thiolates).
486487
 Such relationships for hydroxide-
initiated PTC reactions are primitive by comparison.
488
 Typically, in these cases, the number of 
catalysts surveyed is less than twenty and the degree of structural variation is also limited.
489
 The 
most commonly used structural features are the number of carbons in the catalyst, and the 
ammonium ion accessibility (see Section 2.1.1.2). Accessibility is treated in a limited, semi-
quantitative manner that is applicable only to achiral, acyclic, unfunctionalized ammonium ions 
(see Section 1.1.4.2).
490,491
  In a similar way, the hard-soft acid base principle (HSAB) is often 
employed in a qualitative sense to rationalize the difference in reactivity of small (hard or 
accessible) ammonium catalysts vs. large (soft or inaccessible) quaternary ammonium phase 
transfer catalysts.
492
 
In contrast to the small number of QSAR reports on catalyst activity, the literature is 
replete with QSAR studies on processes closely related to the fundamental steps of PTC 
including, inter alia, the rate of membrane permeation of small molecules,
493
 micelle 
formation,
494
 and aqueous/organic phase transfer rates.
495
  The capacity for such descriptive 
models to be predictive is increasing rapidly. Furthermore, studies of these phenomena have 
elucidated many of the key structural features which are now included as descriptors in a number 
of computational suites for drug design (see Section 1.2.7.1). 
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3.3.2. Enantioselectivity.  
Quantitative models for enantioselectivity were developed in parallel with these studies. 
The reader is referred to the dissertation of Larry M. Wolf for a detailed account of quantitative 
structure-selectivity models of phase transfer catalysts. 
 
3.4. Computational Methods 
3.4.1. Alignment of Ammonium Ions 
For some three-dimensional descriptors, such as the dipole in the x, y, and z directions, 
all of the molecules must have a common absolute orientation in space for comparisons to be 
meaningful. The rigidity of the scaffold led to a relatively straightforward decision on how to 
align the molecules such that only the differences in the substituents would be reflected in the 
calculated descriptors. The structures were aligned employing a simple root mean square (RMS) 
rigid-body alignment. The common substructure used for the alignment is represented by the 
nine atoms that make up the core cyclopenta[gh]pyrolizidinium ring scaffold. An example root 
mean square rigid-body-alignment of the ten atoms that comprise the core scaffold is shown in 
Figure 3.2. 
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Figure 3.2. Rigid RMS alignment for a representative conformation library (101 catalysts) from 
two perspectives. The cyclopenta[gh]pyrolizidinium ring system is highlighted in yellow. 
 
3.4.2. Descriptors.  
A molecule can be characterized in an infinite number of ways. Because many 
descriptions of a molecule are neither a physical nor a chemical molecular property, the term 
―descriptor‖ is preferred over ―property‖ to relate a calculated numerical characterization of a 
molecule for the purposes of a QSAR study. For the remainder of this report the term 
―descriptor‖ will be used exclusively for that purpose. The computational package Molecular 
Operating Environment (MOE) was chosen for this study.
496
 The MOE computational package 
contains 319 descriptors ranging from the most simple (1-D) atom counts (e.g. number of 
carbons), to complex (3-D) surface area and volume descriptors (e.g. amphiphilic moment) and 
all were included in this analysis.
497
 
Many studies suggest that the solubility of the quaternary ammonium ion in the organic 
phase is an important catalyst structural feature (vide supra).
16
 To address thermodynamic 
solubilities, a variety of solvation parameters were included in the analysis, connectivity 
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dependent but conformation independent methods (2D) and conformation dependent DFT 
methods (3D).
498
 Solvation energies were determined by the SM8 solvation model (B3LYP/6-
31+G(d)) for each catalyst in water and benzene.
40,499
 
Particular emphasis was placed on addressing ammonium accessibility and polarizability 
in a quantitative fashion. Therefore, a number of customized quaternary ammonium ion 
descriptors were developed based on the accessibility of the alpha carbon(s) of the ammonium 
ion (represented in terms of solvent accessible surface area (A
2
)) with and without various charge 
weights. These will be discussed in detail in a following section. In addition, 543 surface area 
and charge density descriptors were included.
500
 Similarly, the overall polarizabilities (and 
hyperpolarizabilites) of each quaternary ammonium ion were calculated quantum 
mechanically
501
 and fifty HSAB and inductive descriptors were included.
502
 In total, 1102 
descriptors were compiled. 
3.4.3. Data Manipulation and Statistical Methods. 
The kinetic data collected in the previous chapter (Chapter 2) was transformed into data 
suitable for QSAR by taking the logarithm of the ratio of the observed half-life relative to the 
half-life of the background reaction, such that the values best reflect the differences in G‡ for 
the different catalysts.  Initial descriptor evaluation was conducted utilizing a genetic algorithm 
(GA)
503
 in combination with multiple linear regression (MLR) as a preliminary search for 
descriptors and pair wise combinations thereof (e.g. solubility + polarizability), that account for 
the greatest amount of variation in the data. Each evolution was allowed to run for 50,000 
generations or until no change was observed over 1000 generations. During evolution, the 
―quality‖ of models was evaluated by comparison of lack of fit.504 Final models were analyzed 
by internal and external validation as described in the introductory chapter (Chapter 1, Section 
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0). The linear models were evaluated for coefficient of determination (R
2
), root mean squared 
error (RMSE), and fit (F) and will be discussed on a per-model basis. The 3D coordinates for all 
molecules in the data set are included in the experimental section (Chapter 6). 
3.4.4. Model Validation. 
The predictive capacity of the models was assessed through internal and external cross-
validation.
505-507
 The internal cross-validation was performed employing the leave-one-out 
(LOO) and leave-multiple-out (LMO) cross-validation methods.  External validation was 
performed upon the judicious division of the entire data set into training and test sets. Rather 
than delve into multiple rounds of external validation by esoteric statistical methodology the 
external predictive capacity of the models was assessed by comparison to other data for the 
activity of quaternary ammonium ions for other reactions.
508
 This part of the analysis is analyzed 
in Chapter 5, along with a discussion of how the models developed in this chapter can be 
quantitatively tested with both new models and new catalyst structures.  
3.5. Catalyst Activity Model Development.  
Before undertaking the development of a full QSAR for catalyst activity, two important 
questions had to be addressed, namely, (1) what descriptors are capable of reflecting ammonium 
ion accessibility (e.g. correlated with ―q‖), and (2) is a multidimensional QSAR even necessary 
or is a one-dimensional QSAR (LFER) possible?  That is, would an accessibility descriptor for 
an ammonium ion sufficiently account for all of the variation in catalyst activity expressed in this 
data set? 
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3.5.1. Investigation of Ammonium Ion Accessibility.  
Previous studies employing unfunctionalized ammonium ion catalysts showed that the 
PTC alkylation of deoxybenzoin and phenylacetonitrile have similar catalyst structure-activity 
relationships.
509,510
 In these cases, the catalyst activity is best rationalized in terms of ammonium 
ion accessibility as defined by the parameter (q).
19
 The following preliminary descriptor and 
model survey for ammonium accessibility serves two purposes: (1) it is an example of the 
general model development strategy utilized throughout this study, and (2) it investigates what 
interpretable descriptors are correlated with q. Because q is only defined for linear quaternary 
ammonium ions, it was essential to identify descriptors that reflect ammonium ion accessibility 
that could be applied to all quaternary ammonium ions. The initial approach sought to identify 
which single descriptor used in this study is most highly correlated with q. If no single descriptor 
could be identified that gave an exceptionally high correlation (i.e. an LFER) then multi-
descriptor models would be developed until a near perfect fit could be realized (i.e. a QSAR).
511
 
The possibility of an LFER (i.e. single descriptor) was addressed by generating a database of all 
straight-chain quaternary ammonium ions with 4-40 carbons (n = 715) and then calculating the 
same descriptors for them as for the ammonium ions investigated in this study. The solvent 
accessible surface area of the ammonium ion center (NC4_SA) was the descriptor most highly 
correlated with q (Figure 3.3a, R
2
=0.889).
512
 To improve the correlation, two component models 
that accounted for all of the variance in q were generated using a genetic algorithm in 
combination with Multi-Linear Regression (GA-MLR) (Figure 3.3b). As shown in Figure 2c, the 
best resultant model consisted of clogP(o/w) and the van der Waals surface area bearing a partial 
positive charge (+SA). Surprisingly, this model does not contain NC4_SA despite the fact that 
is appears with the highest frequency in the two component models (   in Figure 3.3b). At this 
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point in the model development methodology, non-linear correlations with q (the example 
―experimental data‖) would be sought out. It was observed that a parabolic fit of q as a function 
of NC4_SA has a higher correlation coefficient than the linear fit (see    Figure 3.3a). 
The general scheme for model development is outlined in Figure 3.3 so that it may be 
visualized. To facilitate the survey and comparison of large numbers of descriptors and models 
in short order, a genetic algorithm was utilized (see Chapter 1, Section 1.2.8) in combination 
with multi-linear regression (GA-MLR).  For example, in the investigation of q described above, 
a GA-MLR allowed for the rapid comparison of 3x10
6
 linear models. The overall process of 
model development consists of iterative application of four basic steps: (1) inspection of linear 
single descriptor correlations (Figure 3.3a), (2) screening of linear QSAR models (combinations 
of 2 or more descriptors) by application of a GA-MLR algorithm (follow Figure 3.3a to Figure 
3.3b), (3) inspection of both the frequency of descriptor inclusion in ―good‖ models (Figure 
3.3b) as well as the resultant models (Figure 3.3c), and lastly, (4) comparison of the higher 
dimensional models (more descriptors) to the lower dimensional ones (follow Figure 3.3c to 
Figure 3.3a). Typically, for the purposes of this study, the descriptor/model surveys consisted of 
2-3 iterations of the process, or screening of ~100,000-150,000 multi-linear regression models. 
To summarize descriptor and model screening of q, the solvent accessible surface area of 
the ammonium ion center (NC4_SA) confirms that q is a good reflection of accessibility of the 
ammonium ion. Ammonium ion accessibility is also highly correlated to a combination of 
solubility and partial charge exposure, which has important mechanistic implications (vide infra). 
Lastly, and perhaps most importantly, non-linear relationships often remain hidden until manual 
inspection of the model and residuals.  Non-linear correlations will be presented and discussed 
on a case by case basis below. 
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Figure 3.3.  Summary of the descriptor and model screening strategy. (a) A comparison of a 
linear and non-linear single descriptor model of q; NC4_SA = the water accessible surface area 
of the ammonium -carbons. (b) A GA-MLR run terminated at 15,000 generations. The 
frequency of inclusion of the 10 ―best‖ descriptors in the 300 best models is shown (y-axis) 
versus the number of generations (x-axis). (c) The best two-descriptor model for q = -7.502 - 
6.03 x clogP(o/w) + 5.27 x PEOE_VSA_POS. 
3.5.2. Investigation of LFERs.  
The next questions to be addressed were: (1) is a multidimensional QSAR necessary or is 
a one dimensional QSAR (LFER) possible? and, (2) would an ammonium ion accessibility 
descriptor sufficiently account for all of the catalyst activity in this data set? As before (vide 
supra), inspection of a correlation matrix of catalyst activity and each descriptor initiated the 
analysis. In no case was a single descriptor found that was highly correlated (R
2
 > 0.8) to catalyst 
activity. However, it is useful to identify descriptors that exhibit the strongest linear correlations 
to catalyst activity of the total pool of descriptors investigated. A representative selection of 
(c)	Best two-descriptor model of q.
(a) Best Single descriptor 
     correlation with q
(b) Histogramatic summary of GA-MLR 
     screen for  two descriptor models of q
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single descriptor correlations is summarized in Table 3.1 along with their associated regression 
statistics (n = 102, r
2
, LOO q
2
, RMSE, and F).
47
 
Table 3.1. A representative summary of descriptors linearly correlated to catalyst activity. 
descriptor description correlation r
2a
 q
2
LOO
b
 RMSE
c
 F
d
 
vsurf_D1 
hydrophobic 
volume 
+ 0.413 0.400 1.17 74.41 
vsurf_W1 
hydrophilic 
volume + 
0.381 0.370 1.20 66.95 
vsurf_WP1 
polar 
volume 
+ 0.466 0.460 1.11 87.97 
ASA 
accessible 
surface area 
+ 0.373 0.368 1.20 65.81 
RA_2D_PIP2 
Politzer 
ionization 
potential 
- 0.400 0.371 1.20 67.88 
elstat_min 
minimum 
electrostatic 
potential 
- 0.366 0.337 1.21 57.73 
Aq_Solv_E 
Aqueous 
solvation 
energy 
+ 0.419 0.402 1.16 74.22 
clogP(o/w) 
Partition 
coefficient 
+ 0.221 0.185 1.34 29.00 
TPSA 
Total polar 
surface area 
+ 0.070 0.045 1.47 9.50 
a.  Square of the correlation coefficient. b. Average square of the 
correlation coefficient after leaving one data point out 
c.
 Root mean 
square error. 
d.
 Fischer number. 
The most highly, linearly correlated descriptors can be categorized into three groups, 
namely: (1) those pertaining to non-polar surface area/volume, (2) polar surface area/volume and 
(3) electrostatic interactions. The three descriptors with the highest positive linear correlations 
are polar volume, hydrophobic volume, and hydrophilic volume (vsurf_WP1, vsurf_D1, and 
vsurf_W1 respectively). Similarly, the water accessible surface area (ASA) is correlated 
positively with catalyst activity. Many descriptors related to catalyst polarity (electrostatic 
interactions) were found to have negatively correlated to catalysts activity (i.e. a plot of catalyst 
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activity vs these descriptors has a negative slope). Two representative descriptors include the 
Politzer ionization potential (RA_2D_PIP2) and the minimum electrostatic potential (elstat_min, 
most negative or electron repelling energy). Two descriptors that are not linearly correlated with 
catalyst activity are the calculated octanol/water partition coefficient (clogP(o/w))
513,514
 and total 
polar surface area (TPSA).
515
 The high frequency of correlation observed between multiple 
subdivided surface area/volume descriptors was expected as these are useful in prediction of 
pharmacokinetic properties.
516
 Similarly, interactions between an ammonium catalyst and an 
anion are necessarily non-covalent, thus electrostatic terms are chemically and physically 
justified. Thus, prior to investigation of a multi-component QSAR it was established that no 
single descriptor could account for all of the catalyst activities. The question therefore remained, 
how many descriptors are necessary to account for the variation in catalyst activity? 
3.5.3. Multidimensional QSAR Analysis.  
3.5.3.1. Establishing an Upper Limit for the Number of Descriptors per Model. 
It has been proposed that six descriptors are required to model neutral solute behavior and 
seven are required to model ionic solute behavior in a biphasic system.
517
 Multicomponent 
QSAR model development was initiated by dividing the database into two sets of descriptors (3D 
and 2D) and developing models with a variable number of components (1-10). The 3D descriptor 
set performed slightly better than did 2D descriptor models with fewer than five components.
54
 
When more than five components were included, 3D and 2D models exhibited similar 
performance. Inclusion of more than seven descriptors in a model did not lead to a significantly 
better fit, completely consistent with observations for many phase transfer related processes.
69
 
Therefore, it was decided to limit further model development to combinations of seven 
descriptors or less. 
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Figure 3.4. Comparison of 2D and 3D descriptor sets. 
 
 
The 2D descriptors that were most frequently included (i.e. ―survived‖ the evolution) 
were: (1) number of rotatable bonds, (2) molar refractivity, (3) clogP(o/w), (4) molecular volume 
and (5) molecular weight as well as various descriptors for partial charge distribution and 
electrostatic potential interaction energy. The 3D descriptors that were included most frequently 
were (1) molecular dipole, (2) cross-sectional area (XSA),
518
 (3) ionization potential, and various 
descriptors encoding electrostatic potential interaction energies. 
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3.5.3.2. Models with Descriptor Subsets.  
In addition to comparing 3D and 2D descriptor set models, comparison of models derived 
from different descriptor classes is informative. Table 3.2 is a summary of models with variable 
numbers of components based on VolSurf,
519
 electrostatic surface area,
50
 charged surface area,
520
 
inductive,
52
 and SMR/SlogP_VSA descriptor classes. For this data set, the lowest correlations 
were found with models based solely on partial charge distribution (inductive or surface area). 
None of the models based on inductive effects or partially charged surface areas had R
2
 greater 
than 0.7. Also, in both of these cases, as the number of descriptors in the model was increased 
the variance in the data that was accounted for decreased at a greater rate than for other 
descriptor sets. The VolSurf and SMR/SlogP descriptor sets performed well, generating models 
with R
2
 > 0.7 and similar errors (RMSE and F). The electrostatic descriptor set generated the best 
models with the smallest deviations. 
 Many of the models in Table 5 are quite good by QSAR standards
8
 in that they exhibit a 
high fit of the experimental data, small error, and a high data to descriptor ratio.
521,522
 Each of the 
most successful descriptor sets share a common feature; the independent variable inputs consist 
of descriptor values that are ―binned‖. Binning523 descriptor values by surface area or volume is 
an extremely useful QSAR method capable of separating out the molecular surface area and 
volume properties responsible for an observed effect from noise.
8f,g
 The process is analogous to 
compressing an image where the important contrasts are retained and the unimportant discarded.  
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Table 3.2. Comparison of Models Based on Various Descriptor Classes 
descriptor class 
# of 
descriptors 
R
2
 Q
2
LOO
a 
RMSE
b 
F
c 
Inductive 2 0.461 0.412 1.15 43.23 
 4 0.583 0.543 1.01 34.65 
 5 0.613 0.537 0.98 31.07 
 6 0.635 0.552 0.95 28.07 
 7 0.648 0.564 0.93 25.23 
+/- SA 2 0.483 0.458 1.09 46.16 
 4 0.561 0.524 1.00 30.93 
 5 0.591 0.546 0.97 27.70 
 6 0.618 0.562 0.94 25.60 
 7 0.642 0.569 0.91 24.07 
volsurf 2 0.589 0.567 1.01 72.33 
 4 0.655 0.610 0.92 47.02 
 5 0.686 0.641 0.88 42.76 
 6 0.707 0.664 0.85 38.95 
 7 0.721 0.674 0.83 35.48 
SMR & SlogP 2 0.541 0.518 1.06 59.55 
 4 0.671 0.651 0.90 50.57 
 5 0.703 0.666 0.86 46.35 
 6 0.726 0.685 0.82 42.84 
 7 0.746 0.692 0.79 40.32 
electrostatic 
surface area 
2 0.550 0.538 1.05 61.67 
4 0.710 0.604 0.85 60.54 
 5 0.746 0.712 0.79 57.48 
 6 0.786 0.635 0.73 59.41 
 7 0.808 0.782 0.69 57.75 
a.
 Average square of the correlation coefficient after leaving one data 
point out 
b.
 Root mean squared error 
c.
 Fischer number. 
 
The disadvantage of such an analysis is that deconvoluting the resultant property values 
and correlating them with a particular structural change can be challenging. That is, the 
interpretability of the resultant QSAR model is often difficult. 
 For this reason, a final series of models was sought that would provide a higher degree of 
interpretability. Interestingly, clogP(o/w) was not identified as a useful descriptor by randomly 
screening and comparing linear models, which certainly warrants further investigation.  
126 
3.5.4. Systematic Investigation of clogP and XSA . 
3.5.4.1. Comparison of clogP(o/w) and clogP(b/w).  
The relevance of clogP(o/w) for the catalysts in this study was evaluated by comparing the 
calculated octanol/water partition values
524
 to calculated benzene/water partition values that are 
known to be very accurate for charged organic solutes (Figure 3.5a).
40
 A number of systematic 
deviations are immediately apparent. For most of the data set, a good linear correlation is seen (
, 81 of 102).  However, even for these cases, there is significant systematic deviation indicated 
by the slope of ~0.6 (not 1.0), which reflects the greater tension of the interface between benzene 
and water in comparison to octanol and water. Also, catalysts bearing strongly electron 
withdrawing R
4
 substituents (Figure 3a, , 18 of 102) make up another group of catalysts with 
systematic deviation and are significantly less lipophilic in the benzene/water system than an 
octanol/water partition would predict. For catalysts bearing two strongly electron withdrawing 
substituents ( , Figure 3.5a) the effect is multiplied.  Ammonium ions with N-methyl 
substituents showed similar deviation ( , Figure 3.5a), but to a lesser extent.  Taken together, 
these results indicate that the dominant physical origin of the difference between the two 
calculated values is an increased electrostatic contribution to the partitioning of ammonium ions 
in benzene/water in comparison to octanol/water. 
Plotting catalyst activity versus clogP(b/w) partition reveals a potential parabolic 
relationship ( , Figure 3.5b). Roughly 75% of the data set conforms to this fit, but the remaining 
25% does not (x). The ammonium ions whose activity deviated the most from the parabolic fit 
were those with N-methyl groups (e.g. cetylMe3N
+
), the parent cyclopenta[gh]pyrrolizidinium 
ion (R
1
, R
2
 = H and no -oxygen), and those containing a -hydroxy group (R1, R2, R3 = H). The 
fit indicates that a maximum catalyst activity is observed when clogP(b/w) is between -3 and -1. 
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Therefore, this partially parameterized parabolic fit was included in another round of model 
screening. The effect of model screening in this way can be visualized as scalar multiples of the 
partially parameterized parabolic fit (grey lines, Figure 3.5b). To this end, the most successful 
descriptor sets and singly, highly correlated descriptors were compiled (see Sections 2.3.1 and 
2.3.2) and allowed to compete in another round of evolution, inclusive of non-linear descriptor 
operations (e.g. square, inverse, log, … etc). 
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Figure 3.5. (a) Comparison of thermodynamic ammonium ion partitioning values; clogP(o/w) and 
clogP(b/w). (b) A possible parabolic relationship between catalyst activity and clogP(b/w). 
 
The best models resulted when either clogP(b/w) or XSA were forcibly included and are 
summarized in Table 3.3. Overall, a parabolic fitting of clogP(b/w) generated models with similar 
performance as observed for log(XSA). Within the clogP(b/w) based models, the most frequently 
encountered descriptors were those dealing with motion; specifically the standard dimensions 
(std_dim_n)
525
 and principle moments of inertia (pmi). A variety of partial charge descriptors, 
such as the surface area of the ammonium ion and other subdivided surfaces were also included.  
Most interestingly, the best model with 3 descriptors was –XSA2 + XSA. Overall, the clogP(b/w) 
models had a significantly decreased RMSE, about half that of the XSA models, but the overall 
fit decreased only slightly in all cases relative to the XSA models. 
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Table 3.3. Comparison of XSA, log(XSA), and clogP(b/w) Models 
dominant
a
 
descriptor 
# of 
descriptors 
R
2
 Q
2
LOO
b 
RMSE
c 
F
d 
- 2 0.564 0.539 0.44 63.90 
a*clogP(b/w)
2
 3 0.635 0.626 0.40 56.76 
+ 4 0.702 0.690 0.36 57.03 
b*clogP(b/w) 5 0.734 0.718 0.34 53.10 
 6 0.779 0.754 0.31 55.86 
 7 0.791 0.765 0.302 50.79 
XSA 2 0.646 0.627 0.90 90.46 
 3 0.688 0.667 0.85 72.19 
 4 0.723 0.690 0.80 63.29 
 5 0.759 0.721 0.75 60.36 
 6 0.780 0.750 0.71 56.03 
 7 0.803 0.772 0.68 54.77 
log(XSA) 2 0.629 0.614 0.93 84.07 
 3 0.751 0.732 0.76 98.68 
 4 0.781 0.753 0.71 86.71 
 5 0.799 0.764 0.68 76.36 
 6 0.824 0.799 0.64 73.97 
 7 0.845 0.759 0.60 73.39 
a. 
Here, aclogP
2
 + bclogP from the partially parameterized 
parabolic fit above is treated as a single descriptor. 
b.
 Average 
square of the correlation coefficient after leaving one data point 
out. 
c.
 Root mean square error. 
d.
 Fischer number. 
 
 
In general, it was discovered that taking the log of the cross-sectional area (XSA) resulted 
in better models than using the native cross-sectional area. In these cases, the remaining 
descriptors were almost exclusively composed of descriptors encoding electrostatic 
interactions.
50
 The high correlation of models containing cross sectional area or the log of the 
cross sectional area provided the impetus for a more detailed investigation of this descriptor.
526
  
The cross-sectional area descriptor has been developed specifically to relate the surface 
activity of amphiphilic molecules.
70
 After correcting for conformational differences to resemble 
a surface bound ammonium ion, it was found that cross-sectional area alone was sufficient to 
account for most of the differences in catalyst activity (Figure 3.6a, Equation 3.1). A non-linear 
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correlation with XSA was observed, similar to the observed maximum for clogP(b/w) partition 
coefficient (Figure 3.6b).  In the case of XSA, the optimal value for catalyst activity is between 
80 and 100 Å
2
. Thus, the model chosen for further analysis is (Figure 3.6b): 
 log(krel) = + 0.079 (-0.0189 x clogP(b/w)
2
 – 0.072 x clogP(b/w) + 3.259)  
+ 0.833 (-0.0004 x XSA
2
 +0.0824 x XSA -1.154) -0.46778 (3.1.) 
Although higher regression coefficients and overall fits could be obtained with models that 
include more descriptors (see ), the high correlation of the predicted vs observed catalyst activity 
(Figure 4b) with only two descriptors and high degree of physical interpretability favors the use 
of this model. 
 
Figure 3.6. (a) A comparison of a parabolic and bilinear correlation between catalyst activity and 
catalyst cross-sectional area. (b) A plot of the predicted catalyst activity versus the observed 
catalyst activity for a double parabolic QSAR model with clogP(b/w) and XSA. 
 
 Also shown in Figure 3.6b, is a plot of what an ideal model would result in (   ), 
specifically, a correlation coefficient of one, an intercept of zero and a slope of one. The 
difference between the ideal result and the observed result provide some indication that there is 
some level of systematic difference between what the observed catalyst activity and the catalyst 
activity predicted by the model.  There is no way to know what the origin of the systematic 
differences in prediction and observation through the use of descriptive statistics. Such insight 
can only be gleaned from a physical interpretation of each of the descriptors in the model, an 
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analysis of how each of the descriptors are represented mathematically, followed by, another 
round of model development and analysis. In the following discussion section the model will be 
analyzed physically, including how each of the descriptors is represented mathematically and 
what conclusions may be drawn in the context of catalysis.  The prospect of more refined models 
based on the ensuing analyses will be re-addressed in chapter 5 by comparison of the developed 
model to PTC catalyst activity data for other reactions. 
3.6. Analysis of Catalyst Activity Models and Descriptors. 
At the final stage of any QSAR endeavor, the same fundamental questions must be 
answered, namely, do the descriptors and mathematical relationships arrived at empirically have 
any meaning, and, if so, what? More specifically, the challenge may be defined as follows: How 
much physical meaning can be extracted from the descriptive statistics the pitfall of over 
interpretation is reached.
291,292 
One of the most common sources of this problem is to search for 
trends in large data sets while ignoring trends in the chemotype sub-populations.
527
 For this 
reason, the following discussion is divided into two sections, one that involves the entire data set 
and the other that compares library sub-populations with common chemotypes. The two 
descriptor types common to most good models for this data set were molecular cross-sectional 
areas and those derived from electrostatic potential maps. The differences in electrostatic 
potential maps of the catalysts were discussed in detail in the preceding chapter. The most 
intuitive model developed was based on two descriptors, namely XSA and clogP(b/w). Therefore, 
the following discussion will focus on the differences and physical interpretation of the cross-
sectional areas and clogP(b/w) of the catalysts. 
Prior to a detailed discussion and interpretation of the QSAR results, a brief review of the 
data collected would be helpful. The previous chapter detailed the manner in which the data for 
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this study was collected (see Section 2.4). Most importantly, the catalyst activity data set was 
collected at a single stir-rate (1600, rpm) under a standard set of conditions.  Care was taken to 
collect data under conditions such that the reaction is stir rate dependent and with a highly active 
nucleophile (an enolate alkylation). Therefore, under no circumstances should these data be 
interpreted to represent a rate-limiting alkylation step.
528
 
Scheme 3.1. 
 
 
3.6.1. Physical Interpretations of clogP.  
Because the basis of phase transfer catalysis is extraction of a hydrophilic substrate anion 
into a lipophilic organic phase, a correlation of catalyst activity with organic phase solubility is 
perhaps not surprising.  Indeed, it has long been appreciated that catalyst solubility is an 
important factor to consider.  Early reports on PTC indicated that the catalyst activity was 
correlated to the partition coefficient P, most commonly represented as the ratio of the organic 
and aqueous phase concentrations (Figure 3.7).
16,529
 Also, the number of carbons in a catalyst has 
been proposed as a useful predictor of catalyst activity.
17,530
 Studies in medicinal chemistry have 
shown time and time again that the contribution of a methylene unit to clogP(o/w) is additive for 
homologous series like quaternary ammonium ions.
4c
 In other words, phase transfer catalyst 
activity is correlated to the number of carbons because clogP = 0.56 x #C + c in an 
unfunctionalized ammonium ion.
531,532
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Figure 3.7.  Thermodynamic representation of the partition coefficient (clogP). 
 
Partition coefficients have been thoroughly studied from both a thermodynamic and 
kinetic perspective because they facilitate the description (and prediction) of the pharmacokinetic 
behavior of drugs. Thermodynamically, the distribution of a solute between two immiscible 
phases can be represented as the difference in the solvation energy of the solute in the two phases 
(Figure 3.7).
533
 Because G = –RTln(K), this energy difference is proportional to logP and the 
coefficient c contains the constant R as well as the absolute temperature, T. Interpretation of PTC 
in terms of a static, thermodynamic partition coefficient has been done and leads to conclusions 
such as ―the effectiveness of a phase-transfer catalyst depends mainly on its organophilicity.‖534 
Although true, in part, a number of drawbacks to this representation and subsequent 
interpretation are readily apparent.  For example, a thermodynamic explanation does not 
necessarily indicate why the correlation is observed. The typical interpretation is that as the 
lipophilicity of the catalyst increases, the concentration of the active substrate in the organic 
phase increases with it. Considered in the context of catalysis, where the observed activity is 
necessarily a balance of multiple rates, this interpretation is unsettling because it leads to the 
incorrect conclusion that the best catalysts should exhibit both infinite organic solubility and 
water insolubility. 
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Although a kinetic interpretation of the partition coefficient is much less common in the 
PTC literature, it is far more valuable (Figure 3.8) for understanding the catalytic cycle of 
PTC.
42,535-537
 Thus, the thermodynamic partition coefficient is expressed as the ratio of the 
forward (k1) and reverse (k2) rates of the catalyst traversing the interfacial region.
538-540
 This type 
of analysis allows the application of transition state theory and is known to be an accurate 
representation, even for ionic solutes (e.g. ammonium ions).
541,
 In this interpretation, the two 
solvated states (organic or aqueous) are energetic wells and should be observable intermediates 
on the catalytic cycle. Also, a catalyst traversing the interphase is in a third state, namely a 
transition state, which has an infinitesimal population during the catalytic cycle. Or more 
succinctly, this interpretation is consistent with the extraction mechanism of PTC.
357
 
 
 
Figure 3.8.  Kinetic representation of the partition coefficient (clogP). 
 
A number of questions can be quantitatively addressed following this line of reasoning. 
For example, theoretically, at what logP should the greatest catalytic rate of phase transfer (sum 
of k1 and k2) be observed? Application of the Hammond postulate reveals that, theoretically, the 
greatest rate of phase transfer should be observed when k1 = k2, corresponding to a partition 
coefficient of 1 (logP = 0). That is, a maximum PTC rate should be observed when the transfer of 
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the catalyst is energetically neutral, corresponding to a perfectly symmetric transition state 
(neither early nor late). What is observed in this data set is a maximum catalyst activity when 
clogP(b/w) = –1.90 (Figure 3.5) out of a range from –15 to 5. Given the known high precision of 
the SM8 solvation model, the deviation from the theoretical is most likely the result of 
calculating clogP with water as the aqueous phase, rather than a strong electrolyte solution (50% 
KOH in water) present under the reaction conditions. Another likely origin of the difference is 
that the catalytically relevant aqueous to organic phase transfer rate (k1) is the 
ammonium●enolate and the catalytically relevant organic to aqueous phase transfer rates (k2) is 
the ammonium●bromide. In the second scenario the difference between the two rate constants 
would be ~1.90 (log scale). A number of other, less likely possibilities exist, but they will not be 
elaborated here.
542
  
Thus, it may be concluded that that clogP(org/aq) serves as a useful predictor of phase 
transfer catalyst activity because it can be interpreted kinetically. It can then readily be inferred 
that a maximum in catalyst activity as a function of clogP represents an ―optimal‖ balance 
between catalyst lipophilicity and hydrophilicity (Figure 3.5b), or optimal rate of phase transfer. 
Catalysts with a small clogP (hydrophilic) will be rate limiting in an aqueous-to-organic phase 
transfer step (k1), and catalysts with large clogPs (liphophilic) will be rate limited by an organic-
to-aqueous phase transfer step (k2). It seems likely that any phase transfer catalyzed reaction 
employing quaternary ammonium ions would be amenable to such an analysis as long as the 
dominant mechanism involved a direct aqueous-to-organic phase transfer (and vice versa). 
However, in the QSAR derived above, clogP was not the dominant term and many catalysts were 
not well correlated to clogP (Results, Section 2.4.1). We therefore propose that the dominant 
mechanism does not involve a direct aqueous to organic phase transfer, but rather, interfacial 
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adsorption and desorption type mechanism. The following section will consider this aspect of 
proposed PTC mechanisms on a more quantitative level. 
3.6.2. XSA as a Function of Catalyst Substitution.  
The descriptor with the highest correlation to catalyst activity was found to be the cross-
sectional area (XSA). This descriptor defines the effective polar surface area as the cross-
sectional area perpendicular to the amphiphilic axis and through the centroid of the polar 
atoms.
70
 Correlation of catalyst activity with the logarithm of the cross-sectional area was arrived 
by empirical screening. Ultimately, it was found that a parabolic relationship of catalyst activity 
with XSA gave the best description of catalyst activity (Section 3.5.4 and Figure 3.6). Non-linear 
correlations (parabolic, sigmoidal, hyperbolic, and bilinear; see Section 1.2.6.1) of the phase 
transfer rate of small molecules with polar surface area and lipophilicity are often observed. In 
this case, the catalyst activity levels off between XSA values of ~80 and 100 Å
2
 (Figure 4). Prior 
to analysis of the physical interpretation of catalyst XSA some appreciation for the effect of 
catalyst substitution on XSA is needed. 
A representative selection of catalysts of increasing complexity and substitution is shown 
in Figure 3.9. Projected onto each of the catalysts are the Cartesian coordinate axes (green), the 
amphiphilic axis (red-green), and the cross-sectional area (teal). In each projection, the catalysts 
are oriented such that the amphiphilic axis is parallel with the z-coordinate axis and is depicted 
with red (polar centroid) and green (lipophilic centroid) spheres. The dependence of catalyst 
amphiphilicity on R
4
 substitution is reflected by the direction and magnitude of the amphiphilic 
axis (compare Figure 3.9b, c, and d). In ammonium ions with no other heteroatom-derived 
functional groups, the XSA passes through the ammonium nitrogen (Figure 3.9b), which is the 
polar centroid. For catalysts derived from the cyclopenta[gh]pyrrolizidinium scaffold (R
1
, R
2
, R
3
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= H) the resulting XSA is small (~40 Å
2
); comparable to the minimum possible area for an 
ammonium ion (XSA(Me4N
+
) = 28.7 Å
2
). Functionalization of the ammonium scaffold with a 
hydroxyl group at C(1) (Figure 10c) causes the polar centroid to shift toward this group. The 
now-shifted XSA plane traverses a region of the scaffold with a greater circumference resulting 
in a small increase in XSA (~55 A
2
). Addition of a non-hydrogen substituent at C(1) causes a 
further increase in XSA (~85 A
2
, Figure 10d). The increase in XSA from no substituents at C(1) 
to hydroxy and alkoxy groups (up to ~80 Å
2
) correlates with a proportional increase in catalyst 
activity. Further substitution at C(1) increases the XSA of the catalyst but a proportional increase 
in catalyst activity is not observed (Figure 3.6a). A slight decrease in catalyst activity is observed 
for catalysts with a cross-sectional area significantly greater than 100 Å
2
. Thus, the XSA of the 
catalysts reflects the dependence of catalyst activity on substituents at C(1), albeit in a non-linear 
fashion. This correlation warrants a more quantitative investigation by comparing catalyst 
subsets, which is the subject of the next section. 
 
Figure 3.9. (a) The catalyst scaffold and substitution pattern included in this study. (b) A catalyst 
derived from the parent scaffold. (c) A C(1) hydroxyl catalyst. (d) A more highly adorned 
catalyst. 
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3.6.3. A Physical Interpretation of XSA.   
The cross-sectional area descriptor was developed specifically to correlate the tendency 
of a molecule to be in an adsorbed state at the air/water interface.
543-546 
Similarly, the tendency of 
a catalyst to be concentrated at the interfacial space is proposed to be a key feature for catalysts 
of hydroxide-initiated PTC reactions and is well represented as an adsorbed state.
547
 The two 
processes, adsorption at an air/water interface and adsorption at an aqueous/organic interface, are 
fundamentally very similar in that they describe the thermodynamic distribution of an 
amphiphilic molecule in a highly anisotropic medium.
548,549
 Concentration of an amphiphile at 
the air/water interface reflects the thermodynamic tendency of the amphiphile to be repelled 
from a highly polar medium (for water; ε = 80) to a less polar one (for air; ε ~ 1). Expression of 
the same fundamental behavior in the context of phase transfer catalysis, i.e. repulsion from a 
highly polar medium (50% KOH, ε > 80) to a less polar one (for toluene ε ~ 2.4), is shown 
graphically in Figure 3.10. In essence, this is the defining feature of the interfacial mechanism of 
PTC.
101
 
The only difference between this representation and one involving a direct aqueous to 
organic phase transfer (Figure 3.8) is the presence of an intermediate adsorbed state. That is, the 
adsorbed state is an energetic well rather than a transition state. However, it is not clear which of 
the elementary steps of the catalytic cycle are most influenced by the XSA of the catalysts. 
Interpreting the physical meaning of XSA in the context of a phase transfer catalytic cycle 
requires a few basic assumptions as well as both kinetic and thermodynamic interpretations of 
clogP. The following rationale suffices to do so with a minimal number of well-justified 
assumptions. This analysis begins with the experimental observation that the largest deviations in 
catalyst activity from what would be predicted by clogP(b/w) alone occurred when clogP(b/w) was 
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at the optimum value (compare  to x in Figure 3.5b). As previously explained, at the 
experimentally observed optimum clogP value, the catalytically relevant direct aqueous/organic 
phase transfer rates must be nearly equal which means that the aqueous and organic solvation 
energies of the catalyst must be equal as well (see Section 3.6.1). Also, because the only 
descriptor other than clogP in the derived QSAR is XSA, this descriptor must account for the 
deviation of catalyst activity from clogP (and vice versa). Moreover, this descriptor must be 
reflecting a different rate-determining step than that which is reflected in cases where clogP 
alone can describe activity. 
 
Figure 3.10.  Analysis of XSA in terms of the relative rates of interfacial adsorption (k’2) and 
desorption (k’1). 
The largest deviation of the observed catalyst activity was (conveniently) observed at the 
optimal clogP value (Figure 3.5b). At this value, the thermodynamic solvation energies of the 
catalysts are the same, so this discussion can be reduced to only those scenarios where the 
aqueous and organic solvation energies are equal. Three limiting cases representing three 
different energies of an interfacially adsorbed state relative to the two solvated states in the bulk 
media are considered (Figure 3.10): Case 1, wherein the adsorbed state is higher in energy; Case 
2, wherein the adsorbed state is equal in energy; and Case 3, wherein the adsorbed state is lower 
in energy than the solvated states. In any scenario wherein the adsorbed state is equal to (Case 2) 
or greater than (Case 1) the solvated states, a good correlation with clogP should hold because 
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they represent the same rate determining step.
550
 However, in any scenario wherein the adsorbed 
state is lower in energy than the solvated states (Case 3), two new, potentially rate limiting steps 
arise, namely, desorption from the interface into either the organic or aqueous phases.  Because 
XSA describes the movement of an amphiphilic molecule from a state of high polarity (water) to 
a state of low polarity (air), the interpretation most consistent with the observed correlation of 
catalyst activity is rate limiting desorption from the interface and into the organic phase (k’1, case 
3, Figure 3.10). Recall that with LFERs and QSARs, a correlation between activity and a 
descriptor is a reflection of that descriptors relatedness to the G‡ of the rate-determining step. 
Just as with the rationalization of clogP (Discussion section 2.1), both kinetic and a 
thermodynamic interpretations are possible. Given that this is a study of catalysis, a kinetic 
interpretation is more meaningful and is described below.
551
  
From a kinetic perspective, rate determining interfacial desorption of the catalyst•reactant 
complex is consistent with the interfacial mechanism forwarded by Makosza.
101
 Because the 
PTC reaction must occur in the organic phase, or at least on the organic side of the interface 
where the electrophile is located, interpretation of XSA in terms of the rate of interfacial 
desorption (k’1, Figure 3.10) makes sense.
552-555
 Therefore, it may be concluded that the greater 
the cross-sectional area of the catalyst, the faster it is repelled from the interfacial region into the 
organic phase. The observed leveling of catalyst activity with increasing XSA may be interpreted 
in two nearly equivalent ways. In the first interpretation, the observed leveling off of catalytic 
activity with increasing XSA is the result of approaching the energetic scenario where the rate of 
interfacial desorption and adsorption are equal (Case 2, Figure 3.10). In a subtly different case, 
one could interpret the observed leveling of catalytic activity with increasing XSA as 
approaching an upper limit in the rate of interfacial desorption, namely, the rate of diffusion. 
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Both of these interpretations are consistent with the proposed interfacial mechanism.
556557,558,559
  
In this way, the catalyst XSA may be treated as an analog of the aqueous to organic phase 
transfer rate (compare k’1 in Figure 3.10 to k1 Figure 3.8).  However, what is not clear from this 
conclusion is whether XSA also incorporates the competing microscopic reverse step, k’2. That 
is, if XSA is a reflection of the interfacial desorption rate (k’1) and only the interfacial desorption 
rate, then another descriptor, one to reflect the interfacial adsorption rate (k’2) would be 
expected. In other words, why did the derived QSAR have two descriptors and not three? 
To investigate this question, the entire data set was distilled down to a handful of data 
points by generating a large conformational library (6,372 total, ~62/catalyst)
560
 and then taking 
the average of the XSA and catalytic activity for multiple catalyst sub-types. These averaged 
catalytic activities and cross-sectional areas are plotted against each other so that they can be 
compared (Figure 3.11). In general, the catalyst activity (log(krel)) increases linearly as the XSA 
of the catalyst increases and then levels off. There is a linear dependence of activity on catalyst 
XSA when XSA is less than or equal to ~75 Å
2
 (also compare Figure 3.9b to Figure 3.9c). Once 
the XSA of the catalysts reaches ~70-80 Å
2
 the observed activity of the catalysts changes only 
slightly. For the aliphatic ammonium ions, this value corresponds to catalysts with three or more 
butyl groups. For cyclopenta[gh]pyrrolizidinium ions, this value corresponds to catalysts that 
have a non-hydrogen substituent on oxygen (R
3
). Catalysts with R
2
 = H or aryl ( ) exhibited 
nearly identical activity as the aliphatic catalysts ( ), however, catalysts with R
2
 = aliphatic 
groups ( ) exhibited slightly lower activities.  Thus, as pointed out in a qualitative way in the 
accompanying paper,
10
 catalysts bearing little or no substitution beyond the 
cyclopenta[gh]pyrrolizidium scaffold ( ) behave similarly to tetraethyl- and 
tetrapropylammonium ions. 
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Figure 3.11. Plot of average catalyst activity versus average XSA for multiple catalyst 
chemotypes and corresponding regressions. 
 
The most important part of analyzing the data in this way is inspection of which types of 
fits best represent the summarized data. The scatter plot of the average catalyst activity versus 
the average catalyst XSA generates a distinct type of non-linear correlation, which is commonly 
encountered in enzyme kinetics,
561,562
 surface adsorption,
563
 as well as the kinetics of transfer 
across an interfacial barrier.
97,564
  Specifically, the resulting scatter plot was fit well by 
rectangular bilinear functions (Bilinear_1  and Bilinear_2   in Figure 3.11). Also, the fact 
that the parabolic fit ( , Figure 3.11)  arrived at empirically (Figure 3.6) was retained and the 
data collected to date fills only one side of the parabola means that more data would be needed to 
differentiate these interpretations. However, unlike the empirical screening that necessarily 
motivated the data collection process for this study, further data collection can be done in a 
quantitative manner with catalyst structures designed to probe specific hypotheses. For a 
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mechanistic interpretation of XSA, it must be recognized that each of the phenomena described 
by more complex functions in Figure 3.11 involve processes composed of two rates that are the 
microscopic reverse of one another.
565-567
 Specifically, given the data collected thus far, three, 
scenarios can be envisioned for catalysts with significantly larger cross-sectional areas (XSA > 
150 Å
2
) than those employed in the initial study. The simplest is that the parabolic fit of XSA 
found empirically (  , Figure 3.11 and Figure 3.6) would hold and no other descriptor would be 
required.  Mechanistically, this would mean that XSA is a reflection of k’1/k’2. The second 
possibility is that the parabolic model would not be predictive, for which there two ―subclasses‖ 
can be proposed.  In the simpler of these two subclasses (BiLinear_1) further increasing the 
cross-sectional area of the catalyst would cause no change in catalyst activity. Mechanistically 
this would mean that XSA is a reflection of k’1, and k’1 is the only rate that matters. The reaction 
can never be rate determining in the adsorption step (k’2). The second more complicated subclass 
is that the catalyst activity would decrease and be inversely proportional to the ammonium ion 
accessibility (BiLinear_2). Taken together with the known correlation of ammonium ion 
accessibility to catalyst activity (represented by q) for other PTC enolate alkylations, it is the 
latter possibility that seems most likely. That is, for larger catalysts, the rate determining step 
will likely change to adsorption to the interface (k’2) and would be better described by structural 
features such as polar surface area.  Fortunately, the number of possibilities is limited to three, so 
with only a few carefully designed catalysts (~3) these different interpretations can be 
distinguished. 
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3.7. Summary, Conclusions and Outlook for QSAR Analyses of Catalyst Activity.  
In summary, a two-descriptor QSAR model of phase transfer catalyst activity was 
derived. The two descriptors were cross-sectional area and clogP and both were correlated to 
catalyst activity in a parabolic manner. Because the data was collected in a stir-rate dependent 
regime, the model was subsequently interpreted in the context of possible rate-determining steps 
involving a physical distribution of the catalyst.  The QSAR modeling studies indicate the 
catalytic activity of ammonium ions can be expressed as a sum of two pairs of relative rates 
which define the two mechanistic extremes of PTC. The first pair of relative rates, those of 
aqueous/organic phase transfer, defines the extraction mechanism and are readily expressed as 
thermodynamic partition coefficients. The other pair of relative rates, those of 
adsorption/desorption from the interface, describe the interfacial mechanism. The descriptor 
most highly correlated to catalyst activity was XSA and was interpreted in terms of catalyst 
desorption from the interface and into the organic layer. The relative magnitudes of the 
coefficients in the QSAR model indicate that for the hydroxide-initiated PTC alkylation of 
glycine imine 1 the interfacial mechanism is ~10.5 times (the ratio of the coefficients in equation 
1) more active pathway for non-Td symmetrical quaternary ammonium ion catalysts. The fact 
that similar correlations are on record for PTC reactions conducted well above a stir-rate 
dependent regime indicates that the general form of the QSAR model derived herein may be 
applicable to other reaction types and catalysts.
17
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3.8. Summary of QSAR Models 
Multiple quantitative models were developed for the activity of phase transfer catalysts 
by multi-linear regression of descriptors. For this initial report, a discovery oriented, statistical 
approach was taken to identify molecular descriptors and combinations thereof that best 
accounted for the variation in catalyst activities. Throughout the process, thousands of models 
with variable types and numbers of descriptors were found that could describe the variation in 
catalyst activity. It was found that models with more than seven descriptors were not able to fit 
the data much better than models with fewer descriptors. Attempts to assess the ―goodness‖ of 
models were made throughout the process by various validation methods. The ultimate question 
of what models have predictive capacity is currently being probed experimentally with other 
catalyst scaffolds and reactions. 
One of the descriptors identified by the ―statistical screen‖ to be correlated with catalyst 
activity was the cross-sectional area of the catalyst. A non-linear correlation of catalyst activity 
and XSA was noted and interpreted in terms of interfacial adsorption/desorption. Throughout the 
course of investigation of QSAR models for catalyst activity, many challenges were encountered. 
One of the key challenges was the identification of non-linear relationships, and it seems likely 
that similar challenges will be intrinsically tied to any QSAR study of catalysis. The catalyst 
cross-sectional area descriptor was found to be uniquely capable of reflecting the size of the 
ammonium ion relevant to catalytic activity. Future developments toward understanding and 
modeling PTC activity will focus on and test different descriptors for the steric and electronic 
environment around the central ammonium ion. Specifically, custom molecular shadow 
indices
568
 or sterimol algorithms
569
 capable of providing information about the steric and 
electrostatic environment of the central ammonium would be worth investigating. 
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Drawing specific mechanistic conclusions from a QSAR study is necessarily speculative; 
nonetheless, a significant effort was put forth to do so. Accordingly, it is proposed that the 
greatest differences in the activity of ammonium ion catalysts, in hydroxide-initiated PTC 
reactions, is their relative interfacial adsorption/desorption abilities and to a lesser extent the 
complete aqueous/organic phase transfer rates, two easily testable hypotheses. In the following 
section catalyst structures are proposed to test these hypotheses in a quantitative manner.  
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 Comparison of the Rates of Alkylation Chapter 4 
of Tetraalkylammonium Phenoxides under 
Homogeneous (Stoichiometric) and Heterogeneous (Catalytic) Conditions 
 
4.1. Comparison of Homogenous Reactivity and Heterogeneous Catalytic Activity of 
Quaternary Ammonium Ions 
One of the most thorough studies in support of the extraction mechanism of PTC 
compared the catalytic activity of some straight chain quaternary ammonium ion catalysts (n = 
13) under stoichiometric homogeneous (1.0 equiv) and catalytic heterogenous (0.1 equiv) phase 
transfer conditions.
34
 In this study, comparison is made between the rates of displacement of 
methyl octyl sulfonate with small, hydrophilic, weakly basic (pka ≤ 9.8, DMSO scale) 
nucleophiles including Cl,
-
 Br
-
, I
-
, SCN
-
, N3
-
, and CN
-
. Under the catalytic conditions, an 
aqueous-chlorobenzene liquid-liquid biphase, the quaternary ammonium ions are employed as 
their bromides and the nucleophiles as their potassium salts. The data collected in this way are 
compared to the rate constants for homogeneous, quaternary ammonium bromide displacements 
in chlorobenzene. Under PTC conditions the observed rate constants differed by up to two 
powers of ten between different ammonium ion catalysts. Under homogeneous conditions the 
observed rate constants differed by only two and a half times.  
Some attempts have been made to conduct similar studies with more basic substrates. For 
example, the catalytic activities of fourteen quaternary ammonium bromides
486
 have been 
determined for the alkylation of thiophenoxide (pKa = 10.3, DMSO scale).
570
 Attempts to 
compare the rates of homogeneous reactions to those under PTC conditions were made in this 
case, but unfortunately, the ―alkylation of tetrabutylammonium thiophenoxide in homogeneous 
benzene solution was irreproducible.‖34,486  
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In neither study was an optimal catalyst lipophilicity identified.  Thus, in both studies, the 
conclusion reached is that ―the effectiveness of a phase transfer catalyst depends mainly on its 
organophilicity, with other structural factors [being] much less important.‖34 The drawbacks and 
limitations of this conclusion were discussed in Chapter 3 (Section 3.6.1). Nonetheless, the 
results are consistent with the dominant effect of the catalyst being to increase the effective 
concentration of the nucleophile in the organic phase. Given the range of substrates studied thus 
far, it seems plausible that for any PTC reaction operating under the extraction mechanism, the 
same dominant effect of the catalyst will be observed. Similar conclusions were arrived at in 
Chapter 4. In this case, the reaction studied was a hydroxide-initiated alkylation of an enolate 
which is known to proceed via an interfacial mechanism.
571
 To systematically probe the catalyst 
structure-activity relationships for reactions following either an extraction or an interfacial 
mechanism, it would be most convenient to study a single reaction where the dominant 
mechanism can be affected by changing the reaction conditions. 
The phase transfer catalyzed alkylation of phenol is known to operate by either an 
extraction or interfacial mechanism depending on the ionic strength of the aqueous medium (see 
Section 1.1.4). For this reason, the alkylation of phenol (pKa = 18.0, DMSO scale) was identified 
as a reaction for which a comparison of the stoichiometric and catalytic rate constants as a 
function of a homologous series of ammonium counterions (catalysts) would be a valuable 
contribution to the known kinetic data sets for PTC reactions. 
4.2. Stoichiometric Reactivity of Phenolates 
The stoichiometric reactivity of phenolates has been studied extensively.
572
 In fact, 
recognition of the relationship between the acidity and reactivity of substituted phenols is 
partially responsible for the original concept of the free energy relationship.
573
 Alkylation rates 
148 
of substituted sodium and potassium phenolates in dipolar aprotic solvents increase when the 
pendant groups are electron donating (ρ = -1.1).574  The effect of substitution is slightly enhanced 
for tetramethylammonium phenolates in mixtures of methanol and acetonitrile (ρ = -1.39). These 
data are consistent with the intuitive notion that for ion pairs, the greater the charge separation 
the more reactive the anionic species will be and that the charge separation is greater for 
ammonium phenolates than for alkali metal phenolates.
575
  
The relative reactivities of tetrabutylammonium phenolate and potassium phenolate have 
been compared by determining the first order rate constants of alkylation with 1-bromobutane in 
multiple solvents (DMF, CH3CN, dioxane).
576
 The rate of alkylation of potassium phenoxide is 
highly solvent dependent. A decrease of three powers of ten in rate constant is observed upon 
changing from dimethylformamide to acetonitrile to dioxane for the alkylation of potassium 
phenoxide. In contrast, the rates of alkylation of tetrabutylammonium phenoxide, under the same 
series of reaction conditions, varied by only a factor of six. These observations have been 
expanded upon by interpolation and molecular modeling. It has been suggested that the effective 
ionic radii of quaternary ammonium ions increases in the homologous series, Me4N
+
 ≈ 2.85 Å, 
Et4N
+
 ≈ 3.48 Å, Pr4N
+
 ≈ 3.98 Å, Bu4N
+
 ≈ 4.37 Å after which point there is little or no 
change.
577,578
 Not enough data is available to ascertain the certainty of this proposal or how 
relevant it is to PTC reactions with substoichiometric amounts of quaternary ammonium ion 
catalysts. However, the analysis is, at least, consistent with many of the stoichiometric extractive 
alkylation studies of Brändström wherein no catalyst turn-over is required.
579-584
 
4.3. Phase Transfer Catalyzed Alkylation of Phenols 
The initial methodological report on the hydroxide-initiated PTC phenol alkylations 
demonstrated that a wide scope in phenol derivatives and electrophiles (alkyl halides and 
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sulfonate esters) could be employed (Scheme 4.1). 
45
 The standard set of reaction conditions 
employed included a slight excess of base, dichloromethane as the organic solvent, and as little 
as 0.01 equivalents of quaternary ammonium bromide catalyst. 
Scheme 4.1 
 
 
Nearly all of the reported extensions of this preliminary report focus on preparative 
aspects. The most extensive study involves preparation of monomers used in flame-retardant 
polymers.
585
 Specifically, the allylation of 2,4,6-tribromophenol with allyl bromide has been 
systematically investigated, including effect of temperature, organic solvent, aqueous base 
concentration, stirring speed, and organic solvent.
44
 These studies also reconfirmed the first order 
kinetic behavior in both reacting components as well as the catalyst. Wang and coworkers have 
established a tour de force application of kinetic modeling to the study of phenol alkylations.
31
 
However, in almost all of the studies to date the only quaternary ammonium ions considered are 
either tetrabutylammonium or the benzyltributlyammonium cations. 
The most recent investigations focus on the generation of a third liquid phase (TLP) 
because, when a TLP does form it is accompanied by a significant rate enhancement (see Section 
1.1.4). Depending on the conditions, up to three orders of magnitude in rate enhancement 
accompanies the formation of a TLP, which is highly dependent on the organic solvent and ionic 
strength of the aqueous phase, but the effect of the quaternary ammonium ion has not been 
extensively investigated.
586
 The most thorough survey of ammonium ion catalysts concerns a 
process scale-up study on the use of diethoxymethane as an industrial solvent, wherein data for 
three ammonium bromides (Bu4N
+
, Oct3MeN
+
, Bu3MeN
+
) and three ammonium chlorides 
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(Et4N
+
, Et3BnN
+
, 1-butyl-3-methylimidazolium
+
) was collected. In general, the quaternary 
ammonium bromides perform better than the chlorides, but the overall range of the data was only 
46%. Thus, no data set is available that is suitable for application of QSAR methods (e.g. orders 
of magnitude differences in activity, equilibrium or rate constants). 
4.4. Structural and Computational Data Relevant to PTC Alkylation of Phenols 
4.4.1. Solid State and Solution Structural Data 
In the solid state, most alkali metal phenoxides form extended aggregates with multiple 
bridging (O-M-O)n linkages where the number of oxygen-metal contacts varies from 2-4 (2-
4).
587
 Characterization by single crystal, X-ray diffraction is rare and most of the solid state 
structural data for phenolates is derived from X-ray powder diffraction data.
588,589
 A few 
exceptions are known wherein cation complexing agents, such as 18-crown-6,
590
 or sterically 
bulky groups have been incorportated
591
 to facilitate the collection of single crystal X-ray 
diffraction data. The study of the solution state and reactivity of phenols and phenolates is much 
more extensive.
570
 
Numerous studies on the pKa of phenol derivatives have been conducted. The effect of 
substitution is enhanced in dipolar aprotic solvents (ρ = 5.3, DMSO) compared to protic media (ρ 
= 1, H2O). A complicating factor in studying the reactivity differences of phenol derivatives is 
the formation of dimeric species in solution (Scheme 4.2). The dimeric species, termed homo-
hydrogen bonded complexes, are significantly slower to deprotonate than the parent, uncharged 
phenol derivatives. Thus during the course of a titration, the acidity of the dominant species in 
solution can change.
20  
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Scheme 4.2 
 
The decreased acidity of homo-hydrogen bonded, phenolate complexes compared to 
phenols has been exploited for the study of the kinetics of proton transfer reactions. Nielsen and 
Hammerich described the preparation of a homo-hydrogen bonded complex with a 
tetrabutylammonium counterion and applied it as a well-behaved proton source for the kinetic 
protonation of the anthracene anion radical.
592
 In the preparation of Bu4N
+
[PhOHOPh]
-
, aqueous 
tetrabutylammonium hydroxide (Scheme 4.3) is employed as the base and the water is removed 
azeotropically with cyclohexane.  Reetz and Goddard modified this procedure for the preparation 
of X-ray quality crystals of the same tetrabutylammonium complex, Bu4N
+
[PhOHOPh]
-
.
593
 In 
the modified procedure, methanolic tetrabutylammonium hydroxide is employed as the base and 
the water is removed by phosphorus pentoxide followed by application of high vacuum over the 
course of three days.  
Scheme 4.3 
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The solid-state, X-ray diffraction data show that the closest contact between the 
ammonium ion -CH atoms and the anionic phenoxide complex is 2.73 Å and the average 
distance is 3.02 Å. These data are in good agreement with the hypothesis that ammonium cations 
generate ion pairs that are significantly more separated than alkali metal cations where analogous 
bond lengths are significantly shorter (Na, ~2.3 Å and K, ~2.7 Å).
594
 The scarcity of structural 
data for comparison of alkali metal and ammonium ion pairs has provided motivation for a 
number of computational studies.
595
 From these studies, it is found that, the calculated cation-
anion interaction energy is weaker for tetrabutylammonium ion phenolates (2.5 kcal/mol) than 
for alkali metal cations (Na
+
, 4.5 kcal/mol).
596
 Recently, two types of computational modeling 
techniques have been applied to the investigation of nucleophile reactivity under catalytic PTC 
conditions, namely, ab initio calculations employing a polarizable continuum solvent model 
(PCM), and molecular dynamic simulations employing an ensemble of solvent molecules (10-
100 molecules).
597-603
 Molecular dynamic simulations suggest that the irreversible bond forming 
events most frequently occur within ~10 Å of the aqueous/organic interface. The reason this 
occurs is that the interfacial space has a high enough concentration of water molecules such that 
it is polar, yet a low enough concentration of water such that the nucleophile is not highly 
hydrated. Similar conclusions have been reached independently by comparison of association 
constants of quaternary ammonium sulfates in solution, both computationally and 
experimentally.
604
 The computational results suggest that the differences in nucleophilicity of 
quaternary ammonium ion pairs is the result of a combination of factors related to solvation, 
including: (1) a decrease in electrostatic interactions between the ions, (2) disruption of 
dispersion interactions between the anion and the solvent, and (3) generation of solvent cavities 
in the vicinity of the nucleophile. That is, whereas a greater charge separation may accompany 
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ion exchange from alkali metal to ammonium counterion, the origin of catalytic activity, if any, 
is more likely a consequence of shielding the nucleophile from protic media, a transition state 
lowering effect. 
4.5. Goals of this Project 
The conclusions from the QSAR modeling studies on the catalytic activity of quaternary 
ammonium ions for the alkylation of an enolate were interpreted in the context of interfacial 
desorption. More specifically, it was proposed that, a physical repulsion between the groups 
surrounding the central ammonium cation and the aqueous phase was the origin of the observed 
trend in catalytic activity. However, the same general behavior could be observed, if the 
reactivity of the catalyst●substrate ion pair had a significant contribution to the observed 
catalytic rate. In other words, which of the two possible relevant steric repulsions experienced by 
the catalyst●substrate ion pair contributes more to the catalytic activity: (1) repulsion of the 
solvent molecules surrounding the substrate or (2) repulsion of the hydroxide surface? If the 
most catalytically relevant steric repulsion is between the ammonium ion and the solvent 
molecules associated with the substrate, then the catalytic activity should be reflected in the 
stoichiometric reactivity of the ammonium●substrate ion pair. However, if the most catalytically 
relevant steric repulsion is between the hydroxide surface and the ammonium●substrate ion pair 
then little or no correlation between the stoichiometric reactivity of the ammonium●substrate ion 
pair and the corresponding catalytic activity would be expected. Therefore, to test this hypothesis 
on a more quantitative level, a rate-rate LFER study was devised. The goal of the study was to 
compare the catalytic rate constant (kactivity) to the stoichiometric rate constant (kreactivity) under 
conditions that are as analogous as possible (Scheme 4.4).  
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Initiating this investigation with the study of the alkylation of phenol was motivated by 
three factors: (1) phenol is less acidic than any substrate that has been systematically studied by a 
rate-rate type LFER experiment, (2) phenol alkylations can operate via either the extraction or 
interfacial mechanism (see Chapter 1, Section 1.1.4), and (3) a large number of studies on the 
alkylation of phenoxides under both homogeneous and heterogeneous conditions exist (vide 
infra), albeit with only one or two quaternary ammonium ions. Thus, a systematic study of 
phenol alkylations would stand as an extension of known sets of data for reactions following 
strictly an extraction mechanism.  Further study would allow for the systematic investigation of 
hydroxide-initiated PTC reactions along the mechanistic continuum from extraction to interfacial 
mechanisms (see Section 1.1.4).  
 
Scheme 4.4 
 
 
4.6. Results 
The most thorough set of data on the reactivity of quaternary ammonium phenolates was 
described in Section 4.2.
576
 In this study, tetrabutylammonium phenolates are prepared 
stoichiometrically by mixing tetrabultylammonium bromide and sodium (or potassium) 
phenoxide. No attempt was made to purify the ammonium phenolate itself, or to separate the 
alkali bromide salt from the reaction mixture. Recent studies on phase transfer catalyzed phenol 
alkylations have revealed that added inorganic salts can have a large rate accelerating effect.
50-52
 
Even small amounts of dissolved salts could potentially change the ionic strength and therefore 
provide alternative reaction pathways via local regions of the medium with high salt 
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concentrations. Thus, some ambiguity remains about the previous stoichiometric kinetic analysis. 
For this reason, the initial challenge in this project was to identify a general procedure for the 
preparation of a homologous series of quaternary ammonium phenolates in halide free form.  
A number of orienting experiments were carried out to generate monomeric ammonium 
phenolates of the type R4N
+
PhO
-
, but none were successful. Preliminary tests for stability with 
the tetraethylammonium counterion revealed that a homo-hydrogen bonded complex 
Et4N
+
[PhOHOPh]
-
, once generated in anhydrous form, was stable as a solid for only ~8-10 hours 
in a glove-box. Clearly, a slow recrystallization protocol over the course of 60 hours (see above) 
would not be generally applicable. Thus, a merger of the heterogeneous conditions of Nielsen 
and Hammerich and the homogeneous conditions of Reetz and Goddard were sought that would 
be applicable as a general procedure for the preparation of homologous quaternary ammonium 
ions. The results from the alkylation of an enolate (Chapter 2-3) provided the basis for choice of 
which quaternary ammonium ions to include in this study. For the enolate alkylation, large 
differences in catalytic activity were observed from Me4N
+
 to Bu4N
+
, but only small differences 
from Bu4N
+
 to Oct4N
+
.  
Thus, it was decided to limit the ammonium phenoxide preparations to R4N
+
 where R = 
Me, Et, n-Pr, n-Bu, n-Hex, and n-Oct. The requisite quaternary ammonium hydroxides were 
prepared from their bromides by ion exchange, following closely the protocol of Harlow, Noble, 
and Wild, with the exception that anhydrous methanol was used as the solvent rather than 
isopropanol.
605
 Multiple passes through an Amberlyst
TM
 A-26 resin (3 to 6) were required to 
fully exchange the halide for hydroxide.
606
 Between each pass, the hydroxide form was 
regenerated by rinsing the resin with a large excess of methanolic sodium hydroxide (~300 
equiv, 1 M) followed by methanol (2 L) to displace any adsorbed water. Sodium hydroxide was 
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chosen because any residual sodium is expected to be less detrimental to the kinetic analyses 
than potassium. The resulting quaternary ammonium hydroxide solutions were titrated for total 
base to a phenolphthalein endpoint (3-6 determinations) and titrated for residual halide with an 
ion selective electrode (2-3 determinations). The results for the preparation of the homologous 
quaternary ammonium hydroxide solutions are shown in Table 4.1. The final solutions were 
diluted (or concentrated) such that the total base concentration was between 0.1 and 0.7 M. In all 
cases the extent of exchange was greater than 97%, and the salts could be stored at -20 
o
C for an 
extended period (~1 month) with no detectable change in total base titer.  
Table 4.1. Preparation of Quaternary Ammonium Hydroxides in Methanol.
 
 
compound  
number 
ammonium 
cation 
OH conc, [M]
a
 st. dev. Br, weight %
b
 
Br, 
mmol 
%
d 
31 methyl4N
+ 
0.127 0.0095 0.16 1.56 
32 ethyl4N
+
 0.668 0.0014 0.33 0.61 
33 n-propyl4N
+
 0.229 0.0050 0.34 1.82 
34 n-butyl4N
+
 0.588 0.0054 <0.1
c
 <0.10 
35 n-hexyl4N
+
 0.685 0.0096 0.31 0.56 
36 n-octyl4N
+
 0.426 0.0013 0.41 1.19 
a.
 Total base titrations are an average of 3-6 determinations to a phenolphthalein 
endpoint. 
b. 
Bromide weight percentage is an average of 2-3 determinations by ion 
selective electrode. 
c. 
Prepared from the quaternary ammonium iodide and no residual 
iodide could be detected. 
d.
 The total mmols of anions is taken as the mmols of 
hydroxide plus the mmols of bromide. 
 
4.6.1. Preparation of Ammonium Phenolates 
A variety of solvent systems were initially surveyed for adoption as a general procedure, 
including hydrocarbons (hexanes, cyclohexane), aromatic hydrocarbons (benzene, toluene), 
halogenated (dichlormethane, dichloroethane), polar aprotic (THF, dioxane, acetonitrile) and 
polar protic (methanol, ethanol and isopropanol) solvents. The physical properties of dioxane 
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provide a number of unique preparative conveniences (Table 4.2) over the other solvents 
surveyed. The relative high melting point (11-12 
o
C) allows for the tetraalkylammonium 
phenolate solutions to be conveniently stored in a frozen dioxane matrix. Prolonged storage was 
never attempted, but no signs of decomposition were observed after storage overnight (
1
H-
NMR). Dioxane forms substantive azeotropes with water (dioxane/water, 49/51),
607
 methanol 
(dioxane/methanol, 77/23),
608
 as well as ternary mixtures.
609
  
The ammonium phenolates for this study were prepared from the quaternary ammonium 
hydroxide solutions (above) as homo-hydrogen bonded complexes (37-42, Table 4.2). It was 
found that following three azeotropic concentrations from dioxane the resultant ammonium 
phenolate complexes (R4N
+
[PhOHOPh]
-
) were isolable as finely powdered solids and could be 
handled in a glove box. The stoichiometry of the ammonium phenoxide complexes prepared in 
this way was checked by quenching a small sample into an acetonitrile solution containing a 
large excess of benzyl bromide and a standard (Table 4.2). After being stirred overnight, the 
relative amounts of phenol and benzyl phenyl ether were determined by gas chromatography. 
The stoichiometry was found to be 1:1 (+/- 0.04) in all cases. 
Table 4.2. Preparation of Quaternary Ammonium Phenoxides as Hydrogen-Bonded Dimers.
 
 
entry R 
PhOH/PhO
-
, 
mol/mol 
37 methyl 1.04 
38 ethyl 0.98  
39 n-propyl 1.02 
40 n-butyl 1.00 
41 n-hexyl 0.94 
42 n-octyl 0.98 
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4.6.2. Homogeneous Reactivity of Ammonium Phenolates 
Evaluation of the kinetic reactivity of 37-42 was initiated employing conditions directly 
analogous to the most comprehensive set of data available, namely, reaction with a slight excess 
of 1-bromobutane in acetonitrile at 0.016 M, so that direct comparison of the resultant data could 
be made. The least polar, aprotic solvent that could completely dissolve the ammonium 
phenolates was diisopropyl ketone (DIPK).  
 
Table 4.3. Stoichiometric Rate Constants for Alkylation of Hydrogen-Bonded Dimer Phenolates 
37-44
 
 
compound 
number 
cation, 
Y
+
 
R solvent 
ki, s
-1
  
x 10,000 
log(ki/kNa-
DIPK) 
log(ki/kNa-
CH
3
CN) 
log(ki/kNa-DIPK) 
43 Na
+ 
- DIPK 0.03±0.001 0.00  0.00±0.02 
44 K
+
 - DIPK 0.09±0.021 0.46  0.46±0.02 
37 R4N
+
 methyl DIPK 0.24±0.096 0.90  0.90±0.10 
38 R4N
+
 ethyl DIPK 1.91±0.10 1.81  1.81±0.02 
39 R4N
+
 n-propyl DIPK 1.97±0.05 1.81  1.81±0.01 
40 R4N
+
 n-butyl DIPK 2.20±0.10 1.86  1.86±0.03 
41 R4N
+
 n-hexyl DIPK 1.41±0.10 1.66  1.66±0.04 
42 R4N
+
 n-octyl DIPK 1.36±0.06 1.64  1.64±0.02 
43 Na
+ 
- CH3CN 0.215±0.02  0.00 0.85±0.04 
44 K
+
 - CH3CN 1.98±0.1  0.96 1.81±0.03 
37 R4N
+
 methyl CH3CN 1.9±0.1  0.91 1.76±0.06 
38 R4N
+
 ethyl CH3CN 2.77±0.07  1.11 1.96±0.03 
39 R4N
+
 n-propyl CH3CN 3.16±0.06  1.16 2.01±0.08 
40 R4N
+
 n-butyl CH3CN 3.37±0.05  1.19 2.04±0.02 
41 R4N
+
 n-hexyl CH3CN 3.14±0.09  1.16 2.01±0.09 
42 R4N
+
 n-octyl CH3CN 2.23±0.09  0.99 1.84±0.17 
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Initial-rate kinetic data was collected for each ammonium phenolate as well as the corresponding 
sodium and potassium homo-hydrogen bonded dimers in each solvent, in triplicate. The resulting 
apparent first-order rate constants were determinded by plotting the concentration of product 
over time for the first 5-9% conversion and are summarized in Table 4.3, along with the 
associated errors. 
Figure 4.1 contains three plots of the stoichiometric rate constants. In Figure 4.1a all of 
the data is plotted on log10 scale relative to the slowest reaction, namely, the reaction of the 
sodium phenolate 43 in DIPK such that the differences in reactivity as a function of solvent may 
be visualized. For the alkali metal cations 43 and 44 a decrease of 0.8 to 1.2 powers of ten in 
For the ammonium ion phenolates, the rates of alkylation were comparatively insensitive to the 
structure of the ammonium ion with the exception of the tetramethylammonium phenolate 37 
ACN/kDIPK) = 0.86). These data are in good agreement with the previously reported trend 
nce of six times for tetrabutylammonium 
phenolate. At present, not much can be concluded from the single ammonium cation that does 
not fit the trend (37). Collection of stoichiometric alkylation data for ammonium phenolates in a 
less polar solvent would facilitate further analysis. On basis of the solvent survey conducted thus 
far, 37 is not soluble enough in less polar solvents. Thus, in further studies, it will likely be 
necessary to exchange the tetramethylammonium to a more lipophilic cation with a similar 
electrostatic accessibility (e.g. Me3C16H33N
+
). 
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In Figure 4.1b and Figure 4.1c, the rate constants for the alkylation of 37-42 are plotted 
again, but not relative to another rate constant, such that the differences in reactivity patterns and 
errors between the rate constants in the two solvents (Figure 4.1b, acetonitrile; Figure 4.1c, 
DIPK) may be inspected more closely. The reaction rates for the stoichiometric alkylation for 
37-42 varied by only 0.25 log units in acetonitrile and 0.29 log units in DIPK. Overall, the 
reaction rates were more reproducible in DIPK than acetonitrile, potentially as a consequence of 
the difficulty of removing all adventitious water from the acetonitrile. More interestingly, the 
pattern of reactivity between the ammonium ions is not the same in the two solvent systems. In 
acetonitrile a maximum in reactivity is seen with the tetrabutylammonium cation.  Further 
investigation is certainly warranted in light of the recent proposals on the role of water (see 
above).  The reaction rates for 37-42 were considerably more reproducible when run in DIPK 
and varied by 0.29 log units, with the exception of 37, which was 9.75-10 times slower than the 
other ammonium phenolates (Figure 4.1c). As noted above, further investigation is certainly 
warranted to decipher the origin of the large difference in reactivity in going from 
tetramethylammonium to tetraethylammonium cation and employment of a less polar solvent 
seems like the most logical extension. 
Figure 4.1. (a) Log-plot of the relative rates of homogeneous reactivity of phenolates relative to 
sodium phenolate. (b) Log-plot of the rates of reactivity of homologous ammonium phenolates in 
acetonitrile. (c) Log-plot of the rates of reactivity of homologous ammonium phenolates in 
diisopropyl ketone. 
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4.6.3. Comparison of Homogeneous Reactivity to Catalytic Activity 
Collection of catalytic activity data under directly analogous conditions (temperature, 
solvent, concentration, etc.) has been undertaken in collaboration with Rob Weintraub. The data 
collected to date, for the same set of homologous quaternary ammonium bromide catalysts, is 
summarized in Table 4.4. The same units in ki and conversion to log scale as above was 
employed, but ki is better interpreted as catalyst turnover frequency here rather than differences 
in reactivity. Unlike the stoichiometric reactivities, an increment of ~0.6 orders of magnitude 
increase in catalytic activity was observed in ascending the series Me4N
+
, Et4N
+
, n-Pr4N
+
, and n-
Bu4N
+
 ions. As was true for the stoichiometric reactivities, virtually no difference in catalytic 
activity was discernable among the n-Bu4N
+
, n-Hex4N
+
, n-Oct4N
+
 homologues. 
Table 4.4. Catalyst activity of homologous quaternary ammonium bromides.
 
 
entry 
cation, 
Y
+
 
R 
ki, s
-1
  
x 10
6 log(krel)
c
 
1 K
+ 
- 0.0037 ± .00025
a
 0.00 
2 R4N
+
 methyl 0.0037 ± .00025
a
 -0.04 
3 R4N
+
 ethyl 0.017 ± 0.001
a 
0.67 
4 R4N
+
 propyl 0.434 ± 0.04
a 
2.07 
5 R4N
+
 butyl 2.413 ± 0.3
b 
2.82 
6 R4N
+
 hexyl 2.083 ± 0.09
b
 2.76 
7 R4N
+
 octyl 2.187 ± 0.19
b
 2.78 
a. 
Average of two independent reactions. 
b. 
Average of four independent 
reactions. 
c.
 The rates of the catalytic reactions relative to the background 
reaction. 
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The stoichiometric rate constants and the catalytic rate constants are compared 
graphically in Figure 4.2a, on a log scale relative the slowest catalyst (Me4N
+
). For the three 
largest quaternary ammonium ions (n-Bu4N
+
, n-Hex4N
+
, n-Oct4N
+
) the catalytic activity was 1.2 
orders of magnitude less than the stoichiometric reactivity.  These results suggest that the 
introduction of water to the system decreases the nucleophile reactivity by hydration. For the 
catalytic reactions, there is an incremental increase in the turnover frequency that is directly 
proportional to the number of carbons in the ammonium ion catalyst for each of the smaller 
ammonium ions (Me4N
+
, Et4N
+
, n-Pr4N
+
, and n-Bu4N
+
). This trend is not reflected in the 
stoichiometric reactivity of the ammonium ions indicating that the origin of the increase in 
catalytic activity is not due to an increase in the nucleophile reactivity. Rather, these results 
indicate the dominant effect of the phase transfer catalyst is to increase the concentration of the 
nucleophile in the organic phase.  
                
                         (4.1) 
 where n = 0.434, xo = 0.118, a = 0.59, b = 0.00, c = 2.827 
 
Figure 4.2. (a) Plot of the catalytic activity and stoichiometric reactivity of homologous 
quaternary ammonium ions vs the number of carbons in each alkyl chain. (b) Log-log plot of the 
catalytic activity of homologous quaternary ammonium bromides vs the octanol-water partition 
coefficient. The black line is a partial least square fit of Equation 4.1. 
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The catalytic activity of the ammonium ions is plotted against their partition coefficients 
in Figure 4.2b, on a log-log scale. The calculated partition coefficient between octanol and water 
(clogP(o/w)) is utilized as the x-axis because computational models for DIPK solvation are not as 
readily available. Precisely the same trend in catalytic activity is observed between the two plots 
(Figure 4.2a and b) because logP = m x #C + c for an unfunctionalized ammonium ion (see 
Section 3.6.1). Expressing the data as in Figure 4.2b has the advantage that it is more readily 
interpreted as a rate-equilibrium type LFER. A linear biexponential equation (Eq. 4.1) fits the 
data well, with the following regression statistics (R
2
 = 0.992, n = 6, s = 0.098, F = 91.16). The 
equation reflects an increase of 0.59 orders of magnitude in catalyst activity per order of 
magnitude change in the partition coefficients (a = 0.59) until the partition coefficient is near 
zero (xo = 0.118). At this point, corresponding to the Bu4N
+
 catalyst, there is an abrupt break in 
the plot and no change in catalyst activity is observed for the remainder of the more lipophilic 
catalysts (b = 0.00). 
 
4.7. Conclusions and Future Directions 
A break in a LFER-type plot involving reactivity has two common interpretations, 
namely, a change in rate determining step or a change in mechanism. However, in studies of 
catalysis a third possibility exists, namely, a change in a pre-equilibrium position and no change 
in rate determining step or mechanism.  The data collected to date is most consistent with this 
third possibility, and can be readily interpreted in the context of the extraction mechanism (see 
Section 1.1.4). Three equilibria operate prior to the irreversible alkylation step for hydroxide-
initiated PTC reactions that follow an extraction mechanism (Figure 4.3). The equilibria involve: 
(1) partitioning of the substrate, (2) deprotonation of the substrate, and (3) partitioning of the 
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ammonium●substrate ion pair into the organic phase.  As described above, previous studies on 
the structure-activity relationship of quaternary ammonium ion catalysts for reactions following 
an extraction mechanism have concluded that the more lipophilic the catalyst (more carbons), the 
greater will be the activity of the catalyst (see Section 4.1). No maximum or ―leveling-off‖ of 
catalytic activity was observed, as might be expected as the rate of aqueous to organic phase 
transfer (k3, Figure 4.3) approaches the rate of diffusion.
34,486
 In the previously collected data sets 
the range in catalyst activity data was ~2-2.5 orders of magnitude and the most lipophilic catalyst 
surveyed was Oct3MeN
+
Br
-
 (logP(o/w) = 5.85, #C = 25). The data collected herein are 
completely consistent with the known data sets in that over a range of ~2.5 orders of magnitude 
in catalyst activity a linear correlation of catalyst activity to catalyst lipophilicity (number of 
carbons or logP) is observed. However, no greater catalytic activity is observed than a rate 
enhancement of 2.8 orders of magnitude over the background reaction for more lipophilic 
catalysts (e.g. Oct4N
+
 logP = 9.56, #C = 32) in the alkylation of phenol. The data are largely 
consistent with the conclusion that the more lipophilic the catalyst, the more active the catalyst 
will be, excepting that a limit of 2.8 order of magnitude in catalytic activity is apparent. 
Accordingly, the observed leveling-off of catalytic activity can be rationalized in terms of k3 
approaching the rate of interfacial diffusion. Following this line of reasoning, it seems likely that 
the reason the catalytic activity levels-off, is that the catalytically productive organic to aqueous 
phase transfer rate is much greater (R4N
+
Br
-
, k5, Figure 4.3) than the catalytically productive 
aqueous to organic phase transfer rate (R4N
+
PhO
-
, k3, Figure 4.3) for the alkylation of phenols. 
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Figure 4.3. Schematic representation of the hydroxide-initiated PTC alkylation of phenols via 
the extraction mechanism. 
An alternative interpretation is that at the break-point (xo = 0.118, Figure 4.2b) there is a 
change in rate-determining step (RDS). In this scenario, the RDS after the break-point would be 
the alkylation step (k4) and the RDS prior to the break-point would be extraction of the 
ammonium●substrate ion pair (k3). This possibility cannot be unambiguously ruled out on the 
basis of the data collected to date. The two possible conclusions could be differentiated by 
determining the kinetic order in electrophile for the catalytic reactions, before and after the 
break-point. If there is a change in RDS at the break point, then before the break-point the order 
in electrophile should be zero and after the break-point the order in electrophile should be one. 
Alternatively, if there is no change in RDS before and after the break-point, then the rate 
equation would not change. Further investigation should provide insight as to the origin of 
differences in the activity of phase transfer catalysts for reactions following an extraction 
mechanism. 
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 External Evaluation of QSAR Modeling Validity Chapter 5 
Statistics are like lamp-posts. They may be leaned on, like a crutch, by a drunkard. Or, they may 
be used for illumination. 
 
—W. Churchill 
5.1. QSAR: The Challenge of Prediction 
The goals of any QSAR endeavor are to describe the data quantitatively and apply the 
methodology in a predictive fashion. All of QSAR can be reduced to this question: How 
predictive can a model be? One of the most insightful studies on model predictive capacity is 
now termed ―Kubinyi’s paradox‖ (Figure 5.1a).610 After surveying the regression statistics of 
many QSAR models it was found that no correlation between the correlation coefficient (R
2
) of a 
model and the cross-validated correlation coefficient (q
2
) exists, which is exactly the opposite of 
what is expected. Most importantly, whereas the region corresponding to better models (high R 
and q) is more populated, there is a stark cut-off, past which, the descriptive fit (R) and 
predictive capacity (q) is not populated at all (Figure 5.1b)! These results can be summarized as 
follows: any model developed with descriptive statistics contains the error in the data as well as 
the residual regression error. A prediction therefore contains all the error in the model plus the 
error of the data being predicted. The unpopulated space at the top right most portion of Figure 
5.1 results from models that are overfit (i.e. contain descriptors correlated with the error).  
 
Figure 5.1. Plot of Kubinyi’s paradox; the unrelatedness of R2 and q2. 
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5.2. Goals of this Study 
Ultimately, the validity of a QSAR model comes from testing new substrates, new 
reactions, new conditions, etc. The following section has to goals: (1) to systematically probe the 
QSAR model for catalyst activity developed in Chapter 3, and (2) as a corollary, provide 
direction for future investigation. Rather than delve into a series of predictions, the general form 
of the equation proposed will be investigated, with emphasis on the cross-sectional area and 
ammonium surface area descriptors. The investigation is divided into three parts: (1) summary 
and reevaluation of the model in Chapter 3 in the context of external predictive capacity, (2) 
evaluation of the external predictive capacity for the catalytic activity of the same catalysts in a 
different reaction, (3) evaluation of literature from the data for the similar reactions, but with 
different catalysts. 
5.3. Statistical Evaluation of the Predictive Capacity of the Model 
At the end of Chapter 3 it was proposed that the XSA descriptor likely is a good 
reflection of the aqueous to organic phase desorption rate constant (k’1). The indication is that 
outside of the structure-space utilized for model development some other descriptor would be 
required to reflect the organic to hydroxide surface adsorption step (k’2). It was further proposed 
that the solvent accessable surface area of the four ammonium (NC4) carbons would likely be 
correlated with k’2. A more quantitative indication that another descriptor is required to fully fit 
the catalyst activity data is obtained by external validation and close inspection of the residual 
errors (predicted activity – observed activity) as shown in Figure 5.2. Figure 5.2a is a test of the 
predictive capacity of the model, termed external validation, wherein the data set is divided into 
a training set and a test set. Here, the two data sets were generated by removing every third data 
point (n =36) from the full set of data (n = 107) such that both sets of data have a representative 
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of the full range of activity. The remaining data (n = 71) is labeled the training set (red) and the 
removed data (n = 36) is labeled the test set. The same model (vide supra) is then developed for 
the training set and used to predict the test set. The results indicate that the predictive capacity of 
the model is good.  
Inspection of the residual errors (Figure 5.2b) indicates that a small systematic deviation 
may exist. Ideally, the residual errors (predicted-observed) would be zero and any remaining 
differences would be randomly distributed. This is not what is observed; rather the residuals vary 
by as much as 0.8 to -0.8 log units indicating that the model predicts incorrectly up to as much as 
these values, even though on average the residual error is very small 3.2 x 10
-6
. These differences 
can be analyzed more quantitatively by performing a linear regression on the residual errors 
(lines and equations in Figure 5.2b). The ideal model would have a slope and intercept of zero. 
What is observed is a small positive slope for both test and training sets indicating that the model 
predicts higher catalyst activities for the more active catalyst than is observed and does so 
systematically. These observations are in good agreement with the proposal that the more active 
catalysts may require another descriptor to better describe their activity. Some catalysts to test 
this hypothesis, as well as potential directions for future investigation, are included in Section 
5.7, at the end of this chapter. 
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Figure 5.2. External validation and residual errors. (a) Plot of the predicted catalyst activity vs 
the observed catalyst activity for an example training (red, n = 71) and test blue (n = 36) data 
sets. 
5.4. Comparison of the Same Catalysts for Two Different Enolate Alkylations 
To date, little to no insight as to the identity of what descriptor best reflect the interfacial 
adsorption rate has been obtained by further model development with the same data set. Some 
insight has been gleaned from QSAR model development with other data sets. These results are 
described in the following sections and are meant to serve as a starting point for further 
investigation. The first data set considered is the benzylation of -phenylacetonitrile 45 (Scheme 
5.1), which was collected in these laboratories (by Nick Anderson) under precisely the same 
conditions and with the same catalysts the the alkylation of O’Donnell’s glycine imine 25. The 
resultant catalyst activity data, tabulated as reaction half-lifes is summarized in Table 5.1  along 
with the associated errors. 
Scheme 5.1 
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To date, data for thirty four catalysts has been collected for this reaction. The overall 
range of data for the alkylation of 45 is two powers of ten, or about half what was observed for 
the alkylation of ester 25. The standard deviation of the experimental data is about twice that of 
the imine alkylation data set, 10% on average.  These figures are represented histogramatically, 
on a log scale, in Figure 5.3. The same general trends in catalyst activity are observed for the 
alkylation of 45 as was observed for the alkylation of imine 25, but the magnitude of the effects 
is somewhat attenuated. 
For example, when R
4
 is a 3,5-bistrifluoromethylbenzyl group the catalytic activity is 
significantly diminished. (entries 9, 12, 18, 23, 29). Also, the unfunctionalized ammonium ions 
(Libraries I and VI) are the poorest catalysts (entries 30-34).  
 
Figure 5.3.
 
(a) Histogram of reaction half-life (t1/2) data in logarithmic form. (b) Histogram of 
the error in reaction half-life determination, scaled by standard deviation / average. 
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Table 5.1. Catalyst activity data for the alkylation of -phenylacetonitrile. 
 
entry Library 
catalyst 
number 
R
1
 R
2
 R
3
 R
4
 
t½ 
(min) 
StdDev 
(min)
c 
1 V {5,2,2} Me Ph Ph 1-naphthyl 24.2 4.4 
2 II {1,3,6} H H pentyl pentyl 11.4 0.5 
3 V {3,2,1} Me i-Pr Ph Ph 26.1 3 
4 V {3,8,3} H i-Pr i-Pr 2-naphthyl 44.7 3.3 
5 V {3,8,2} Me i-Pr i-Pr Ph 145 7.8 
6 V {3,2,7} Me i-Pr Ph 3,5-DTBP
b
 79.4 17 
7 V {2,3,7} Me Me pentyl 3,5-DTBP
b
 80.9 31 
8 V {2,2,2} H Me Ph 1-naphthyl 30.6 2.1 
9 V {2,3,5} Me Me pentyl 3,5-BTFMP
b
 243 26 
10 V {3,2,3} H i-Pr Ph 2-naphthyl 21.7 3.8 
11 V {5,2,3} Me Ph Ph 2-naphthyl 35 3 
12 V {2,2,5} Me Me Ph 3,5-BTFMP
a
 863.8 46 
13 V {2,2,1} Me Me Ph Ph 25.425 0.09 
14 V {1,2,8} Me H Ph 4-methoxyphenyl 104 23 
15 V {5,3,7} Me Ph pentyl 3,5-DTBP
b
 67.1 0.7 
16 V {3,8,2} H i-Pr i-Pr 1-naphthyl 71.4 3.7 
17 V {3,8,7} Me i-Pr i-Pr 3,5-DTBP
b
 32 1 
18 V {3,3,5} Me i-Pr pentyl 3,5-BTFMP
a
 349.7 34.2 
19 IV {1,2,7} Me H Ph 3,5-DTBP
b
 113 25 
20 V {3,2,1} H i-Pr Ph Ph 20.6 0.8 
21 V {2,2,3} Me Me Ph 2-naphthyl 27.8 0.9 
22 V {1,2,2} Me H Ph 1-naphthyl 79.3 4 
23 V {3,9,5} Me i-Pr 4-methoxyphenyl 3,5-BTFMP
a
 260 47 
24 V {3,3,3} Me i-Pr pentyl 2-naphthyl 101 14 
25 V {3,3,2} Me i-Pr hexyl 1-naphthyl 118 15 
26 V {2,3,8} Me Me pentyl 4-methoxyphenyl 73 9 
27 V {2,2,8} Me Me Ph 4-methoxyphenyl 38.8 1.5 
28 IV {2,2,3} H Me Ph 2-naphthyl 121.2 1.4 
29 V {4,2,5} Me t-Bu Ph 3,5-BTFMP
a
 185 3.2 
30 V {3,2,8} Me i-Pr Ph 4-methoxyphenyl 377.7 25.3 
31 I {1} H H -OR
3
 Ph 1130 182 
32 VI {1} H - -OR
3
 Ph 1344 155 
33 VI {2} H - -OR
3
 1-naphthyl 896 6 
34 VI {3} H - -OR
3
 2-naphthyl 789 90 
a
. 3,5-BTFMP = 3,5-Bis(trifluoromethyl)phenyl 
b. 
3,5-DTBP = 3,5-Di-tert-butylphenyl. 
c.
 Reaction half-times were 
determined as the average of two independent experiments. 
 
N1
H HMe
R4
O
R3
R2
R1
Br
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A direct comparison of the catalytic activities in the two alkylation reactions is shown in 
Figure 5.4a, where the x-axis is the catalyst activity for the alkylation of 25 and the y-axis is the 
catalytic activity for the alkylation of 45. The fit is poor (R
2
 = 0.562), but near the maximum of 
what would be expected based on the residual error analysis (0.8 log units, see above) and that 
the total range of activity data for the imine alkylation data set is only 2 log units.  
 
Figure 5.4. (a) Log-log plot comparing of the catalytic activities in the alkylation of imine 25 
and nitrile 45. (b) Log-log plot comparing of the catalytic activities in the alkylation of imine 25 
and nitrile 45 with one outlier removed. The outlier is indicated by the open cirle. 
 In fact, removal of a single data point (entry 12, Table 5.1) increases the correlation to 
much more than could have been predicted by the model derived in Chapter 3 (open circle in 
Figure 5.4b). The data point with the greatest deviation between the two data sets bears a 3,5-
bistrifluoromethylbenzyl group as the R
4
 substituent and was more active (by ~1 order of 
magnitude) in the alkylation of 25 than the alkylation of 45. Unlike the alkylation of 25, the 
catalyst activities for the alkylation of 45 are not well correlated with the cross-sectional area 
descriptor (Figure 5.5a). The catalyst activities for the alkylation of 45 are slightly better 
correlated with the NC4_SA descriptor (Figure 5.5b). Much like the correlation between the two 
catalyst activity data sets (see above), removal of a single data point (entry 9, Table 5.1) 
significantly increases the correlation of catalyst activity to the NC4_SA descriptor (open circle 
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in Figure 5.5c). The analysis of the alkylation of 45 in combination with the QSAR models for 
the alkylation of 25 leads to two potentially useful avenues for future QSAR modeling of PTC 
catalyst activity: (1) the correlation of catalyst activity in the alkylation of 45 to the NC4_SA 
descriptor is consistent with the hypothesis that the NC4_SA descriptor would be useful to 
describe the PTC activity of ammonium ion catalysts (like q), and (2) the NC4_SA descriptor 
may reflect the rate of adsorption (k’2, see Chapter 3) to a hydroxide surface and from an organic 
phase. If these two proposals are assumed to be true, then the implication is that the alkylation of 
45 is not rate determining in interfacial desorption, but rather, is rate determining in interfacial 
adsorption of the catalyst. 
 
Figure 5.5. (a) Plot of catalyst activity vs cross sectional area. (b) plot of catalyst activity vs 
ammonium surface area (NC4_SA). (c) plot of catalyst activity vs ammonium surface area 
(NC4_SA) with singlemost outlier removed.  
Of course, with the analysis available thus far, such a conclusion is fairly speculative. A 
thorough and systematic search for combinations of the XSA and NC4_SA has not been done, 
but the results to date indicate that doing so would be a good starting point from which to trace 
the origins of catalytic activity in PTC to their physical organic roots. The next section is meant 
as an example of how such an analysis could be done. 
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5.5. Example Combination of XSA and NC4_SA Descriptors 
Although an extensive survey of the combinations of the XSA and NC4_SA has not been 
conducted for the functionalized cyclopenta[gh]pyrrolizidium derived catalyst yet, some insight 
has been gleaned by analysis of literature data for catalyst activity with unfunctionalized 
quaternary ammonium bromides.  In particular, data for the methylation of deoxybenzoin and 
ethylation of phenylacetonitrile, which are summarized in Table 5.2. Two important points need 
to be made before any analysis is undertaken. First, the catalyst activity data for these reactions 
was not collected as a rate constant, but rather as a yield (%) at a single timepoint. Therefore, 
strictly speaking, the following analysis is not a QSAR, and the regression fitting, slopes, 
absolute values of activities, etc cannot be compared to any other data analyzed in this 
dissertation. Second, these reactions were chosen as examples because they were conducted 
under nearly the same conditions, but not the same conditions that were employed in any of the 
other PTC reactions analyzed in this thesis. The regression fitting statistics and data will be 
included for the sake of being thorough because it is believed that some useful conclusions can 
be drawn.  
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Table 5.2. Deoxybenzoin (a) and phenylacetonitrile (b) alkylation data as yield % at a single 
time point 
 
entry catalyst 
yield, % 
normalize 
substrate 
1 BuOct3NBr 36 47 
2 Oct4NBr 29 47 
3 (C12H25)4NBr 26 47 
4 (C18H40)4NBr 16 47 
5 Hex4NBr 40 47 
6 Bu3OctNBr 45 47 
7 Pent4NBr 42 47 
8 Bu4NBr 11 47 
9 Pr4NBr 54 47 
10 Oct3EtNBr 47 47 
11 Bu3EtNBr 79 47 
12 Et3BuNBr 100 47 
13 Et3DecNBr 98 47 
14 Et4NBr 100 47 
15 Bu3MeNBr 95 47 
16 Me3BnN
+
Br
-
 62.7 46 
17 Me2EtBnN
+
Br
-
 78.4 46 
18 MeEtPrBnN
+
Br
-
 84.3 46 
19 Pr3BnN
+
Br
-
 84.3 46 
20 EtPr2BnN
+
Br
-
 86.2 46 
21 MeEt2BnN
+
Br
-
 88.2 46 
22 Et2BuBnN
+
Br 88.2 46 
23 Et3BnN
+
Br
-
 98.0 46 
24 Et4N
+
Br
-
 100 46 
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For both reactions, the most active catalyst tetraethylammonium bromide, which was one 
of the least active catalysts for the alkylation of 25, consistent with a change in mechanism or 
rate determining step. In the more extensive survey, alkylation of 47, the more lipophilic 
catalysts have the lowest catalytic activity (entries, 3-8). The only similarity with the structure 
activity relationships observed for the alkylation of 25 or phenol is that tetramethylammonium 
bromide is a poor catalyst. 
 The best combination of the NC4_SA and XSA descriptors thus far has been to express 
them as a ratio, NC4_SA/XSA for example is plotted in Figure 5.6a. Plotted in this way, an 
apparent maximum in catalytic activity is observed at NC4_SA/XSA = 1.4, where the two 
regression lines cross in Figure 5.6a. It seems likely, based on all of the other analyses herein, 
that at this value of NC4_SA/XSA there is a change in rate determining step from interfacial 
adsorption to interfacial desorption. A more useful regression analysis is represented in Figure 
5.6b, where the regression line (black line) corresponds to Eq. 5.1. The reason the second 
representation is more useful is because it describes two linear relationsihips with a single 
equation (R
2
 = 0.912, n = 24, s = 8.75, F = 1,616), thus may be used for prediction and 
incorporation into a single QSAR model. Further exploration along this line could provide a 
generally useful descriptor for use in the description (and prediction) of catalyst activity for PTC 
reactions that follow an interfacial mechanism.  
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                         (5.1) 
where n = 0.434, xo = 1.348, a = 79.373, b = 11.060,c = 103.48 
 
Figure 5.6. Two plots of catalyst activity vs NC4_SA/XSA. (a) regression fitting with two 
equations. (b) a regression fitting with a single linearized biexponential equation. 
 
5.6. Conclusions and Prospective for Further Quantitative Model Development 
The goals of this endeavor were to initiate a program capable revealing the physical 
origins of the catalytic activities of quaternary ammonium phase transfer catalysts. To this end, 
one reaction was studied that follows an interfacial mechanism (alkylation of 25) and one 
reaction was studied that follows an extraction mechanism (phenol alkylation). The dominant 
descriptor found to correlate with the catalytic activity in the alkylation of 25 was the cross 
sectional area of the catalyst (Chapter 3). The number of carbons in the catalyst was sufficient to 
describe the catalytic activities for the alkylation of phenol (Chapter 4) and little correlation was 
found between the stoichiometric and catalytic rate constants. A survey of some data from the 
literature, as well as data collected in these labs for a different reaction was presented and 
analyzed in terms a change in rate determining step in the interfacial mechanism.  These results 
are largely consistent with the proposal that mechanistic continuum exist for PTC (see Chapter 1) 
that is strongly affected by the pKa of the substrate (Figure 5.7) 
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Figure 5.7. Proposed mechanistic continuum of PTC in terms of the likely rate limiting step in 
the catalytic cycle. 
 
5.7. Some Possible Directions for Future Hypothesis Driven Investigation 
The conclusion that catalyst activity of quaternary ammonium ions can be described 
suffiently by considering two pairs of rates has been reached repeatedly throughout this 
dissertation. The QSAR modeling studies indicate the catalytic activity of ammonium ions can 
be expressed as a sum of two pairs of rates describing two microscopically reversible processes. 
The two microscopically reversible processes are: (1) direct transfer between two immiscible 
phases and (2) the adsorption to and desorption from the interface between two immiscible 
phases. These two events are the defining features of the two mechanistic extremes of phase 
transfer catalysis. The direct aqueous/organic phase transfer rates are readily expressed as 
thermodynamic partition coefficients since P(org/aq) = k1/k2. For the other pair of rates, the 
interfacial adsorption/desorption from the interface (k’1/k’2) cannot be measured directly. It was 
found that the cross-sectional area of the catalyst was well correlated with catalytic activity for 
179 
the alkylation of 25, which was then rationalized as affecting the interfacial desorption rate. A 
parabolic fit of the catalytic activities to XSA was found empirically, however, it was not 
deciphered whether or not the cross-sectional area of the catalyst affects both k’1 and k’2, or only 
k’1. It was proposed that the reason the two conclusions could not be distinguished is that no 
extremely large catalysts (e.g. XSA > 150 Å
2
) were included in the activity data set. 
Many avenues are available to systematically investigate the utility and transportability of 
the first phase of QSAR modeling results developed herein by more systematic hypothesis driven 
experimentation. Perhaps the most obvious route is to collect catalyst activity data for other 
reactions under the same conditions. Comparison of catalyst activity data sets for reactions under 
different conditions is bound to provide useful insight as well. Along these lines, the alkylation 
of deoxybenzoin and -phenylacetonitrile are suggested as fertile grounds for future 
investigation. Collection of a set of good kinetic data (e.g. as rate constants or reaction half-lives) 
that includes the quaternary ammonium catalysts in Table 5.2 would be a straightforward, and 
simple test for the validity of the analysis in Section 5.5. Extension of the consequent analysis to 
the catalytic activity of cyclopenta[gh]pyrrolizidium derived catalysts would provide a 
systematic approach to further the analysis in Section 5.4. 
The identification of synthetically feasible cyclopenta[gh]pyrrolizidium derived catalysts 
to test the hypotheses arrived at in Chapter 3, and again at the beginning of this chapter (see 
Section 5.3), is more challenging. The challgenge is to incorporate large groups in a 
systematically variable way without inadvertently causing large changes in the direction of the 
amphiphilic axis of the catalyst. Some examples that may be worth investigating in the future are 
given in Figure 5.8. Figure 5.8a is a representative of the approximate size and shape of the 
largest catalysts made thus far. The amphiphilic axis of this ammonium ion passes from the 
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center of the catalyst towards the R
4
 substituent.  Replacement of the R
2
 group with more 
lipophilic groups without changing any of the other substituents, as in Figure 5.8c, results in a 
~90
o
  rotation of the amphiphilic axis towards this group and no appreciable change in the cross-
sectional area. Conversely, the addition of more lipophilic groups at three of the four variable 
positions (Figure 5.8d) has little effect on the directionality of the lipophilic axis and can cause 
the cross-sectional area to increase significantly.  The largest increases in the cross-sectional area 
result from adding hydrocarbon residues to all four of the variable positions, as in Figure 5.8e.  
Thorough investigation of the utility of the QSAR models derived in Chapter 3 will likely 
require the synthesis and analysis of catalysts as large as those in Figure 5.8c and d.  
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Figure 5.8. Representative substitution patterns and corresponding cross-sectional areas of 
cyclopenta[gh]pyrrolizidium derived catalysts. Note that most of the long alkyl chains have been 
cut away for clarity. (a) A catalyst with one of the larges cross-sectional areas included in the 
kinetic data set. (b) a catalyst with increased lipophilicity included orthogonal to the amphiphilic 
axis. (c) a catalyst with increasing lipophilicity in two directions, one along the amphiphilic axis 
and one orthogonal to the amphiphilic axis. (d) a catalyst with increasing lipophilicity in to 
directions orthogonal to the amphiphilic axis as well as in the direction of the amphiphilic axis. 
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 Experimental Section Chapter 6 
6.1. General Experimental 
All reactions were performed in oven-dried (145 °C) or flame-dried glassware under an 
inert atmosphere of dry N2.  Reaction solvents THF (Fisher, HPLC grade), Et2O (Fisher, BHT 
stabilized ACS grade) and methylene chloride (Fisher, unstabilized HPLC grade) were dried by 
percolation through two columns packed with neutral alumina under a positive pressure of argon.  
Reaction solvents hexane (Fisher, OPTIMA grade) and toluene (Fisher, ACS grade) were dried 
by percolation through a column packed with neutral alumina and a column packed with Q5 
reactant, a supported copper catalyst for scavenging oxygen, under a positive pressure of argon.  
Reactions were carried out at the temperature indicated (internal temperature) as measured by an 
internal thermocouple device unless otherwise indicated.  Parallel synthesis was performed on a 
Buchi Synchor reactor fittet with a 96 well block and a standard Argon/vacuum manifold. 
Column chromatography was performed using Merck grade 9385, 60 Å silica gel. 
Visualization was accomplished by UV light, ceric ammonium molybdate (CAM), potassium 
permanganate (KmnO4), sulfuric acid (H2SO4), ceric ammonium nitrate (CAN), or iodine (I2) as 
indicated. Analytical and preparative thin-layer chromatography was performed on Merck silica 
gel plates with F-254 indicator.  Distillations were performed using a short-path with a 3 cm, 
Vigreux column.  Bulb-to-bulb distillations were conducted using a Buchi GKR-50 Kugelrohr 
apparatus at the pressure specified and air bath temperature (ABT). 
1
H NMR and 
13
C NMR spectra were acquired at 500 MHz and 126 MHz respectively and 
referenced to residual solvent (CHCl3 at 7.26 (
1
H) and 77.00 (
13
C) or MeOH (3.31 (
1
H), 49.00 
(
13
C) ppm).  Assignments were obtained by reference to COSY and HETCOR and DEPT(135) 
correlations.  Chemical shifts are reported in ppm ; multiplicities are indicated by s (singlet), d 
(doublet), t (triplet), q (quartet), p, (pentet), m (multiplet) and br (broad).  Coupling constants, J, 
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are reported in Hertz.  Mass Spectrometry was performed by the University of Illinois Mass 
Spectrometer Center.  EI mass spectra were performed on a 70-VSE spectrometer.  CI mass 
spectra were performed on a 70-VSE-B spectrometer with methane as the carrier gas.  ESI mass 
spectra were performed on a Waters Q-Tof Ultima instrument.  Data are reported in the form of 
m/z (intensity relative to base peak = 100).  Infared spectra (IR) were recorded on a Mattson 
Galaxy 5020 spectrophotometer using NaCl plates.  Peaks are reported in cm
-1
 with indicated 
relative intensities: s (strong, 67-100%); m (medium, 34-66%); w (weak, 0-33%).  Analytical 
capillary gas chromatography (GC) was performed using a gas chromatograph fitted with a 
flame ionization detector (H2 carrier gas, 1 mL/min).  GC Method 1: Injections were made onto a 
Hewlett-Packard HP-5 50-m cross-linked 5%-phenyl methyl silicone gum phase column. The 
detector temperature was 300 °C. The column temperatures was maintained at 140 
o
C isotherm 
over 20 min then ramped to 250 
o
C over 10 min.  Analytical high pressure liquid 
chromatography (HPLC) was performed using a Hewlett Packard 1090L Chromatograph 
equipped with a variable wavelength diode array detector and an autosampler.  The 
chromatograph was equipped with a reverse phase Phenomenex Luna C18(2) column (3µm, 
4.6x150mm, lampcurrent = 1).  Method 1: Linear Gradient; flow rate = 1.0 mL/min,  = 254 nm, 
solvent = CH3CN/H2O (30/70) to CH3CN/H2O (90/10) over 10 min, then isocratic for 7 min.  A 
3 min re-equilibration time was utilized between runs.  The water eluent contained 0.1% v/v 
acetic acid.  Chiral Stationary phase HPLC (CSP-HPLC) Method 1: R,R-Welk-O, 1.0 mL/min, 
IPA/Hexanes 5:95.  Analytical supercritical fluid chromatography (SFC) was performed on a 
Berger Instruments SFC with spectrophotometric detector (220 nm) using Daicel Chiralpak AD, 
AS, OD, OJ, and Welk-O columns.  Optical rotations were measured in Fischer Optima grade 
EtOH, MeOH and CH2Cl2 and are reported as follows: concentration (c = g/dL), and solvent.  
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Melting points were conducted in vacuum-sealed glass tubes using a Thomas-Hoover Uni-
Melt™ melting point apparatus and are corrected. 
Calculations were performed with Spartan 08 Version 1.1.1, Wavefunction, Inc.  
Alignments were conducted utilizing the structural alignment algorithm in Spartan with no 
modification to the standard procedure.  Fitting of kinetic data was done with OriginPro 8 SR4 
version 8.0951 (B951).  Interpolation of kinetic plots was done with Microsoft Excel 2007. 
6.2. Literature Procedures 
The following compounds were synthesized following the published procedures:  Ethyl 
pent-4-enoate, 4-penten-1-ol, 1-bromomethylnaphthalene, 2-bromomethylnaphthalene, 9-
bromomethylanthracene, N,N,N,N-tributyl-(1-benzyl) quaternary ammonium bromide, 
Phenylselenenyl chloride, (E)-methyl 6-hydroxyhex-2-enoate (E-6), tert-butyl 2-
(diphenylmethyleneamino) acetate (25), dichlorotitanium diisopropoxide,Error! Bookmark not 
efined.   (1S,3R,5aS,7aS,7bR)-Octahydro-1-[N-(3,5-dinitrophenyl)carbamoxy]-7b-methyl-2H-
cyclopenta[gh]pyrrolizin-2-one. 
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6.3. Commercial Chemicals and Material Sourcing 
The following materials were obtained from commercial suppliers as specified and 
purified according to the indicated procedure.  If no purification method is noted, the compound 
was used as received from the manufacturer. 
Reagent Supplier Purification 
Allyl Alcohol Aldrich Distilled 
Alumina Aldrich  
Ammonium chloride Fischer  
Benzyl Bromide Aldrich Alumina 
filtration 
Borane tetrahydrofuran complex Aldrich  
t-Butanol Aldrich Distilled 
n-Butyllithium FMC 
t-BuLi Aldrich 
n-Butyl vinyl ether Aldrich Distilled 
Celite Fischer acid washed 
Cetyltrimethylammonium bromide Aldrich 
Chloroform Aldrich 
1,2-Dichloroethane Aldrich stored over sieves 
Diisopropylamine Aldrich distilled/CaH2 
Diisopropyl azadicarboxylate Aldrich 
N,N-Dimethylamino pyridine Aldrich 
Dimethylformamide Aldrich stored over sieves 
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Ethanol AAPER 
Ethyl vinyl ether Aldrich 
Florisil Fischer 
Hydrochloric Acid Fischer 
isopropyl 
Magnesium Sulfate Fischer 
methylmagnesium bromide 
Nitroethane Aldrich distilled 
o-Nitrophenol Merck 
Potassium t-Butoxide Aldrich 
Potassium Carbonate Fischer 
Potassium hydroxide Fischer 
Pyridine Aldrich Distilled, 
CaH2 
Pyridinium Chlorochromate Aldrich  
Raney nickel (W2) Activated Metals Sonicated 
Sodium bicarbonate Fischer 
Sodium carbonate Fischer 
Sodium borohydride Acros 
Sodium Hydride Aldrich removed oil 
Sodium Hydroxide Fischer  
Sodium sulfate Fischer  
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Tetramethylammonium bromide Aldrich azeotropically 
dried 
Tetraethylammonium bromide Aldrich azeotropically 
dried 
Tetrabutylammonium bromide Aldrich recrystallized 
Titanium(IV) tetrachloride Aldrich distilled (Cu) 
Titanium(IV) isopropoxide Aldrich distilled 
Triethylamine Aldrich distilled, CaH2 
Trifluoroacetic anhydride Aldrich  
Trimethylaluminum Aldrich  
Trimethylsilyl chloride Aldrich distilled 
Triphenylphosphine Aldrich 
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6.4. Experimental Procedures for Chapter 2 
6.4.1. Preparation of Quaternary Ammonium Ions  
6.4.1.1. Tandem Cycloaddition Precursors and Scaffolds 
Scale up of Alcohol (Z)-6. Preparation of Trimethyl(4,5,6,7-tetrahydrooxepin-2-
yloxy)silane (8): [NDG VII-44-d1f1] 
 
A jacketed 500-mL, three-necked, liquid addition flask fitted with a  a nitrogen inlet 
adaptor, and two rubber septa was fitted to a 1-L, two-necked, round-bottomed flask fitted with a 
magnetic stir bar, a rubber septum and an internal temperature probe (through rubber septum).  
To the addition flask was added diisopropylamine (36.5 mL, 209 mmol, 1.3 equiv) and THF 
(300 mL).  The resulting solution was cooled to -78 
o
C (bath temp) by addition of an 
acetone/CO2(s) bath to the jacket reservoir.  Then, n-butyllithium (2.56 M in hexanes, 81.8 mL, 
1.3 equiv) was added dropwise over 20 min.  To the 1-L, two-necked, flask was added -
caprolactone (18.4 g, 161 mmol), THF (150 mL) and trimethylsilyl chloride (26.5 mL, 209 
mmol, 1.3 equiv) via syringe.  The reaction vessel was brought to < -80 
o
C by immersion in a 
hexanes/N2 bath.  The freshly generated solution of LDA (above) was added dropwise at a rate 
that maintained an internal temperature < –75 oC (ca. 1 h).  The resulting turbid solution was 
allowed to warm to –25 oC, and was then concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C).  The resulting mixture was triturated with pentane (~100 mL) and filtered (Celite).  The 
filtrate was again concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C).  Purification by 
distillation (0.5 mm Hg, 43 
o
C) afforded ketene acetal 10 (24.8 g, 83%) as a clear colorless oil. 
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 Data for 8: 
 bp: 58-60 ˚C / 2-3 torr 
 1
H-NMR: (500 MHz, CDCl3) 
4.12 (t, J = 5.9, 1 H, HC(3)), 3.99 (dd, J = 5.4, 5.6, 2 H, H2C(7)), 2.02 (dd, J 
= 5.9, 11.6, 2 H, H2C(4)) 1.83 (ddd, J = 5.7, 10.7, 11.5, 2 H, H2C(6)), 1.65-
1.59 (m, 2 H, H2C(5)), 0.22 (s, 9 H, H3C(5’)) 
 13
C-NMR: (126 MHz, CDCl3) 
160.0 (C(2)), 83.1 (C(3)), 71.5 (C(7)), 31.3 (C(4)), 26.2 (C(6)), 23.3 (C(5)), 
0.16 (C(5’)) 
 IR: (neat, NaCl plate) 
2931 (s), 2837 (m), 1682 (s), 1455 (m), 1355 (m) 
 MS: (ESI, Q-tof) 
187 (21) [M+1], 171 (38), 147 (14), 132 (12), 129 (13), 117 (30), 75 (100), 69 
(32), 55 (23), 54 (23) 
 TLC: Rf  0.77  (hexanes/Et2O, 4:1) [UV, KmnO4] 
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Methanolysis of -Caprolactenone 8. Preparation of (Z)-Methyl 6-Hydroxy-2-hexenoate 
((Z)-7) 
 
To a 100-mL, one-necked, round-bottomed flask fitted with a rubber septum, a large a 
magnetic stir bar, and a nitrogen inlet adaptor, was added ester 8 (4.5 g, 40.1 mmol) via syringe. 
Methanol (80 mL) was then added followed by potassium carbonate (554 mg, 4 mmol, 0.1 
equiv).  The suspension was stirred vigorously for 20 min, during which the solution gradually 
became opaque. The resulting suspension was poured into a 500-mL separatory funnel 
containing water (100 mL) and diluted with dichloromethane (100 mL).  The layers were 
separated and the aqueous was extracted with dichloromethane (5 x 50 mL). The combined 
organic extracts were dried (MgSO4), filtered (cotton plug), and concentrated via rotary 
evaporation (15 mm Hg, 20-25 
o
C). The resulting clear oil was filtered through a small plug of 
silica gel (1.8 cm x 2 cm) with 25 mL EtOAc to remove any remaining base impurities.  
Concentration of the resulting solution yielded 5.19 g (89%) of geometrically pure (Z)- as 
determined by 
1
H-NMR analysis. 
Data for (Z)-7: 
 1
H-NMR: (500 MHz, CDCl3) 
6.24 (td, J = 8.3, 11.5, 1 H, HC(4)), 5.87 (td, J = 1.4, 11.5, 1 H, HC(5)), 3.72 
(s, 3 H, H3C(7)), 3.61 (t, J = 5.9, 2 H, H2C(1)), 2.74 (dt, J = 1.4, 8.2, 2 H, 
H2C(C(3)), 1.73 (td, J = 8.3, 11.5, 1 H, H2C(2)) 
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 13
C-NMR: (126 MHz, CDCl3) 
167.5 (C(6)), 149.8 (C(4)), 120.2 (C(5)), 61.1 (C(1)), 51.3 (C(7)), 31.2 (C(2)), 
25.1 (C(3)) 
 IR: (neat) 
3423 (br), 2950 (m), 2870 (m), 2343 (w), 2361 (w), 1723 (s), 1645 (m), 
1439 (s), 1408 (m), 1202 (s), 1173 (s) 
 MS: (ESI, Q-tof) 
167(100), 145(35), 127(15) 
 TLC: Rf  0.22 (hexanes/EtOAc, 4:1) [UV, KmnO4] 
 
Preparation of Methyl (2Z,6E)-2-Nitro-2,6-octadienoate ((E,Z)-1) 
2. EtNO2
3. TFAA, Et3N
N
OO
3Me1
4
5
6
7
8CO2Me
OH
(E,Z)-1
O OMe 9
(Z)-6
1. SO3pyr
CO2Me
O H
 
To a 500-mL, two-necked, round-bottomed flask fitted with a rubber septum and a 
nitrogen inlet adaptor was added alcohol (Z)- (3.0 g, 20.8 mmol) along with CH2Cl2 and DMSO 
(100 mL each).  Triethylamine (17.4 mL, 125 mmol, 6.0 equiv) was added and the flask was 
immersed in a ice/NaCl(s) bath.  Once the internal temperature reached –5 oC, SO3pyridine 
complex was added in a single portion (5.5 g, 31 mmol, 1.5 equiv).  After two hours at < 0 
o
C an 
additional portion of SO3pyridine complex (5.5 g, 31 mmol, 1.5 equiv) was added.  After 
another 2 h the reaction was quenched by pouring into a 500-mL separatory funnel containing 
100 mL sat. aq. NH4Cl.  The organic phase was diluted with another 100 mL of CH2Cl2 and 
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rinsed with NH4Cl (3 x 50 mL) followed by CuSO4 (1 x 50 mL), brine (100 mL) and H2O (100 
mL).  The combined organic extracts were dried (MgSO4), filtered over a silica gel plug (3 x 1 
cm) and concentrated to afford 2.98 g (89%) of crude intermediate aldehyde as a light-yellow oil.  
The aldehyde was carried on directly to nitroalkene (E,Z)- without further purification as 
previously described.
611
 
Data for (E,Z)-1: 
 1
H-NMR: (500 MHz, CDCl3) 
7.10 (t, J = 7.8, 1 H, HC(3)), 6.19 (dd, J = 8.2, 10.9, 1 H, HC(6)), 5.85 (d, J = 
11.4, 1 H, HC(7)), 3.70 (s, 3 H, H3C(9)), 2.84 (dq, J = 1.6, 7.6, 2 H, H2C(4)), 
2.38 (m, 2 H, H2C(5)), 2.16 (s, 3 H, H3C(1)) 
 13
C-NMR: (126 MHz, CDCl3) 
166.4 (C(8)), 147.1 (C(2)), 134.6 (C(6)), 121.1 (C(3)), 51.2 (C(7)), 27.3 (C(9, 
1)), 12.5 (C(4,5)) 
 IR: (neat) 
3054 (w), 2987 (w), 2954 (w), 2254 (m), 1719 (s), 1650 (m), 1521 (s), 1440 
(m) 
 MS: (EI, 70eV) 
197 (5), 182 (12), 168 (25), 150 (42), 149 (45), 93 (100), 91 
 TLC: Rf  0.57  (hexanes/EtOAc, 4:1) [UV, KmnO4] 
193 
Preparation of Methyl (2E,6E)-7-Nitro-2,6-octadienoate ((E,E)-1) 
 
To a 1-L, three-necked, round-bottomed flask fitted with two rubber septa and a nitrogen 
inlet adaptor and an internal temperature probe (through a septum) was added alcohol (E,E)-6 
(21 g, 147 mmol) along with CH2Cl2 and DMSO (147 mL each).  Triethylamine (12 mL, 874 
mmol, 6.0 equiv) was added and the flask was immersed in a ice/NaCl(s) bath.  Once the internal 
temperature reached –5 oC, SO3pyridine complex was added in a single portion (29.4 g, 184 
mmol, 1.25 equiv).  After two hours at < 0 
o
C an additional portion of SO3pyridine complex 
(29.4 g, 184 mmol, 1.25 equiv) was added.  After another 2 h the reaction was quenched by 
pouring into a 1-L separatory funnel containing 200 mL sat. aq. NH4Cl.  The organic phase was 
diluted with 150 mL of Et2O and rinsed with NH4Cl (3 x 100 mL) followed by CuSO4 (2 x 100 
mL), brine (100 mL) and sat. aq, NaHCO3 (100 mL).  The combined organic extracts were dried 
(MgSO4), filtered over a silica gel plug (3 x 1 cm) and concentrated to afford the crude aldehyde 
(E)-7 as a light-yellow oil.  The aldehyde was carried on directly to the nitroalkene without 
further purification as previously described
 
to give 22.9 g (80%) of nitroalkene (E,E)-1 as a light-
yellow oil.  The data collected was consistent with that previously reported.
ref 
Data for 3: 
 1
H-NMR: (500 MHz, CDCl3) 
7.14 (t, J = 7.7, 1 H, HC(6)), 6.19 (td, J = 11.4, J = 7.6, 1 H, HC(3)), 5.85 (d, J 
= 11.9, 1 H,HC(2)), 3.70 (s, 3 H, H3C(9)), 2.85 (m, 2 H), 2.38 (m, 2 H), 2.16 
(s, 3 H, H3C(8)). 
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 13
C-NMR: (126 MHz, CDCl3) 
166.5 (C(8)), 148.4 (C(2)), 146.2 (C(6)), 133.9 (C(3)), 122.5 (C(7)), 51.6 
(C(9)), 26.5 (C(4)), 22.4 (C(5)), 12.6 (C(1)) 
 IR: (neat) 
2992 (w), 2953 (w), 2843 (w), 2255 (m), 1721 (s), 1662 (m), 1523 (s), 1438 
(m), 1391 (m), 1334 (s), 1284 (m), 1213 (m), 1173 (m), 1042 (w), 971 (w), 
906 (s) 
 TLC: Rf  0.6  (hexanes/EtOAc, 4:1) [UV, KMnO4] 
 
6.4.2. Preparation of Chiral Vinyl Ether 3. Preparation of (1R,2S)-2-
Phenylcyclohexyloxyethene (3) 
 
To a 250-mL, one-necked, round-bottomed flask, fitted with a drying tube containing 
calcium chloride with a reflux condenser attached open to air and a magnetic stir bar, was added 
sequentially, n-butyl vinyl ether (110 mL, 851 mmol, 30 equiv), alcohol (1R,2S)-2-
phenylcyclohexanol
612
 (5.0 g, 28.4 mmol), followed by palladium(II) acetate-1,10-
phenanthroline (115 mg, 0.284 mmol, 0.01 equiv).  The flask was immersed in an oil bath and 
heated to 65 
o
C over 4 h, After stirring for 3 days, the reaction was allowed to cool to room 
temperature and concentrated to ½ of the total volume (~50 mL) by rotary evaporation (15 mm 
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Hg, 20-25 
o
C).  The resulting solution was filtered over a plug of silica gel (40 mm x 4 cm) and 
rinsed with hexanes/EtOAc/Et3N (49:49:2, 3 x 30 mL) and concentrated by rotary evaporation 
(15 mm Hg, 20-25 
o
C).  The resulting pale-yellow oil was purified by silica gel column 
chromatography (4 cm x 10 cm, gradient elution, hexanes/EtOAc/Et3N, 49:0:1, 48:1:1, 47:2:1, 
44:5:1, 250 mL each) to afford 4.3 g (74%) of 3 as a colorless oil along with 1.2 g of recovered 
(1R,2S)-2-phenylcyclohexanol. 
Data for 3: 
 bp: 85 
o
C (0.1 mm Hg) 
 1
H-NMR: (500 MHz, CDCl3) 
7.31-7.16 (m, 5 H,), 6.05 (dd, J = 14.1, 6.5, 1 H, HC(1’)), 4.11 (dd, J = 14.0, 
1.1, 1 H, HC(2’)), 3.84 (dt, J = 10.3, 4.5, 1 H, HC(1)), 3.77 (dd, J = 6.6, 1.1, 1 
H, HC(2’)), 2.65 (dt, J = 11.8, 3.5, 1 H, HC(2)), 2.25-2.20 (m, 1 H), 1.94-1.86 
(m, 2 H), 1.78-1.74 (m, 1 H), 1.58-1.34 (m, 4 H) 
 13
C-NMR: (126 MHz, CDCl3) 
151.1 (C(1’)), 143.7 (C(7)), 128.2 (C(9)), 127.6 (C(8)), 126.2 (C(10)), 87.4 
(C(2’)), 81.8 (C(1)), 50.3 (C(2)), 34.1 (C(6)), 32.1 (C(3)), 25.9 (C(4)), 24.8 
(C(5)) 
 IR: (neat) 
3031 (w), 2936 (s), 2859 (m), 1632 (s), 1559 (w), 1495 (w), 1449 (m), 1356 
(w), 1183 (s), 1119 (m), 1076 (s), 818 (s) 
 MS: (EI, 70 eV) 
202 (100), 160 (3), 159 (28), 158 (11), 91 (100), 81 (17), 67 (8), 55 (6) 
 TLC: Rf  0.90  (hexanes/Et2O, 9:1) [I2] 
196 
6.4.3. Scaffold Preparations via the Tandem Cycloaddition of Nitroalkenes. 
Preparation of Scaffold for Library I. Preparation of rel-(1S,3S,5aS,7aS,7bR)-Octahydro-1-
hydroxy-7b-methyl-2H-cyclopenta[gh]pyrrolizin-2-one ((+/-)-4a)  
 
To a 50-mL, three-necked, round-bottom flask fitted with two rubber septa, a magnetic 
stir bar,  a nitrogen inlet adaptor and an internal temperature probe, was added nitroalkene (E,E)-
1 (1.0 g, 5 mmol) followed by CH2Cl2 (20 mL).  The internal temperature was brought to –60 
o
C 
by immersion in acetone/CO2(s) bath.  Then a Me3Al was added (6.3 mL of a 2 M solution in 
toluene, 12.5 mmol, 2.5 equiv) via syringe followed by n-butyl vinyl ether (1.25 mL, 12.6 mmol, 
2.5 equiv).  The resulting bright yellow solution solution was allowed to stir at for 6 h, during 
which time the yellow color gradually faded.  The reaction was quenched by the cautious 
addition of silica gel (ca. 2 g) via a long stem funnel until no bubbling was observed.  The 
mixture was then poured into a funnel containing more silica gel (~3 g, prewetted with EtOAc) 
and rinsed with ethyl acetate (200 mL). The resulting clear solution was dried (MgSO4) to 
remove any adventitious water, filtered, and concentrated by rotary evaporation (15 mm Hg, 20-
25 
o
C) to give a clear viscous oil.  The intermediate nitronate was diluted with 50 mL of toluene 
and transferred to a 100-mL round-bottomed flask.  The flask was fitted with a nitrogen inlet 
adaptor and NaHCO3 was added (420 mg, 5 mmol, 1.0 equiv) along with a stir bar.  The 
suspension was allowed to stir at room temperature for 7 h, then filtered and concentrated by 
rotary evaporation (15 mm Hg, 20-25 
o
C).  The resulting mixture of nitroso acetals was diluted in 
EtOAc/MeOH (9/1, 25 mL) and added to a test tube (6 cm x 14 cm) containing a spatula tip 
4a
N
OO
Me
MeO2C
7a
7b
5a
N
3
1
2 4
5
7 6
H H
HO
Me
8
O
1. Me3Al
2. RT, 24 h
3. H2, Raney Ni
O-n-Bu
(E,E)-1
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(~100 mg) of Raney Ni (previously washed with H2O, MeOH, and EtOAc, 2 x 15 mL each) 
along with a magnetic stir bar.  The tube was placed in a steel autoclave, which was then 
pressurized with H2 (350 psi) and allowed allowed to stir for 2 days.  After 2 days the autoclave 
was carefully vented in a fume hood and the solution was filtered through a plug of Celite (5 cm 
x 5 cm) with EtOAc (200 mL).  The resulting clear filtrate was concentrated by rotary 
evaporation (15 mm Hg, 20-25 
o
C) and purified by silica gel column chromatography (2 cm x 6 
cm, CH2Cl2/EtOAc, 19:1, 10:1, 1:1, 100 mL each) to afford 778 mg (86%) of the racemic -
hydroxy lactam 4a as a white powder. 
Data for 4a: 
 mp: 108-115 
o
C 
 1
H-NMR: (500 MHz, CDCl3) 
4.67 (d (br), J = 7.2, 1 H, HC(2)), 3.91 (ddd, J = 3.8, J = 8.5, J = 12.1, 1 H, 
HC(8)), 2.94 (ddd, J = 7.9, J = 8.1, J = 11.9, 1 H, HC(8)), 2.71-2.66 (m, 1 H, 
HO), 2.64 (dd, J = 7.5, J = 14.9, 1 H, HC(7a)), 2.28 (ddd, J = 4.9, J = 7.5, J = 
12.5, 1 H, HC(5a)), 2.13 (ddd, J = 3.8, J = 8.0, J = 11.9, 1 H, HC(5)), 1.80 
(m, 1 H, HC(5)), 1.72 (m, 2 H, HC(7), HC(5a)), 1.50 (m, 1 H, HC(7)), 1.33 (s, 
3 H, H3C(8)), 1.27 (ddd, 1 H, J = 5.7, J = 10.6, 10.6, HC(6)) 
 13
C-NMR: (126 MHz, CDCl3) 
176.4 (C(2)), 75.5 (C(7b)), 72.8 (C(1)), 51.0 (C(7a)), 49.1 (C(5a)), 42.0 
(C(4)), 31.4 (C(6)), 30.9 (C(7)), 24.8 (C(5)), 22.8 (C(8)) 
 IR: (NaCl plate) 
3283 (s, br), 2961 (s), 2860 (s), 1697 (s), 1677 (s), 1653 (s) 
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 MS: (ESI, Q-tof) 
182 (13), 181 (99), 167 (11), 166 (100), 163 (10), 162 (15), 138 (56), 111 
(17), 110 (16), 107 (26), 96 (27), 82 (33), 81 (26), 67 (21), 56 (29), 55 (37), 53 
(18) 
 TLC: Rf  0.20  (hexane/EtOAc, 4:1) [I2, KmnO4] 
 
Preparation of (1S,3S,5aS,7aS,7bR)-Octahydro-1-oxo-[(phenoxythiocarbonyl)oxy]-7b-
methyl-2H-cyclopenta[gh]pyrrolizin-2-one ((+/-)-14): [NDG-XII-71, XII-78] 
 
To a 50-mL, single-necked, round-bottomed flask fitted with a nitrogen inlet, a rubber 
septum, and a magnetic stir bar was added racemic -hydroxy lactam 4a (215 mg, 1.2 mmol) 
followed by dimethylaminopyridine (72 mg, 0.59 mmol, 0.5 equiv) and CH2Cl2 (17 mL).  Lastly, 
pyridine (202 L, 2.4 mmol, 2.0 equiv) was added followed by phenylchlorothionoformate (330 
L, 2.4 mmol, 2 equiv), both via syringe.  The resulting light-yellow solution was stirred for 4 h 
at room temperature during which time it gradually became darker. The solution was 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) and the residue was purified by silica 
gel column chromatography (2 cm x 10 cm, hexane/EtOAc, 4:1).  Hot filtration followed by 
recrystallization hexanes/CH2Cl2 (25:1, ~20 mL) afforded 294 mg (78%) of 14 as colorless 
rhomboids. 
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Data for 14: 
 mp: 100-101 
o
C 
 1
H-NMR: (500 MHz, CDCl3) 
7.42 (m, (second order), 2 H, HC(4’)), 7.30 (dt (second order), J = 1.2, 7.2, 1 
H, HC(5’)), 7.14 (m, 2 H, HC(3’)), 6.12 (dd, J = 1.0, 7.3, 1 H, HC(1)), 4.02 
(ddd, J = 3.8, 8.6, 12.2, 1 H, HC(4)), 3.01 (m, 2 H, HC(4), HC(7a)), 2.34 (m, 
1 H, HC(5a)), 2.18 (199et, J = 3.8, 8.1, 8.1, 11.9, 1 H, HC(7)), 1.86 (ddd, J = 
7.6, 7.6, 12.8, 1 H, HC(7 or 6)), 1.78 (m, 2 H, HC(5), HC(6)), 1.59 (199et, J = 
4.8, 8.2, 8.2, 13.0, 1 H, HC(5)), 1.39 (s, 3 H, H3C(8)), 1.37 (d, J = 5.7, 1 H, 
HC(6)) 
 13
C-NMR: (126 MHz, CDCl3) 
194.5 (C(1’)), 169.8 (C(1)), 153.4 (C(2’)), 129.5 (C(4’)), 126.6 (C(5’)), 121.8 
(C(3’)), 82.6 (C(2)), 75.6 (C(9)), 49.5 (C(3)), 48.7 (C(6)), 42.5 (C(8)), 31.4 
(C(7)), 30.9 (C(4)), 25.7 (C(5)), 23.2, (C(10)) 
 IR: (CH2Cl2, film) 
2966 (w), 2252(m), 1706 (s), 1490 (m), 1278 (s), 1208 (s) 
 TLC: Rf  0.78  (hexanes/EtOAc, 1:1) [UV, KmnO4] 
 HRMS: C17H19O3NS  (317.10857) 
Calcd:  317.10857 
Found:  317.10814 
 Analysis: C17H19O3NS (317.11) 
 Calcd: C, 64.33; H, 6.03; N, 4.41% 
  Found: C, 64.44; H, 6.00; N, 4.50% 
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Preparation of (3S,5aS,7aR,7bR)-Octahydro-7b-methyl-2H-cyclopenta[gh]pyrrolizin-2-one 
((+/-)-15 ): [NDG-XII-86] 
 
Thionocarbonate 14 (140 mg, 0.59 mmol) in benzene (40 mL) was added to a one-
necked, round-bottomed flask via syringe which was fitted with a reflux condenser and a 
magnetic stir bar.  Atop the reflux condenser was fitted a nitrogen inlet adaptor and a rubber 
septum.  The round-bottomed flask was immersed in a preheated (100 
o
C) oil bath and allowed 
to come to reflux (~20 min).  During this time, tributyltin hydride (1.08 mL, 0.77 mmol, 1.3 
equiv) and AIBN (206 µL, 0.12 mmol, 0.2 equiv) we added to a separate, 25-mL, one-necked, 
conical flask along with 15 mL of benzene and a magnetic stir bar.  Once the round-bottomed 
flask reached reflux, the tributyltin hydride AIBN solution was transferred dropwise via cannula 
over 3.5 h, maintaining a consistent gentle reflux.  The resulting solution was allowed to reflux 
for an additional 2 h and then cooled to room temperature.  Potassium fluoride (3.0 g, 51.6 
mmol) was added to the resulting light-yellow solution and the resulting mixture was allowed to 
stir for an additional 3 h.  The suspension was filtered (cotton plug) and the filtrate was 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C).  The residue was purified by silica gel 
column chromatography (3 cm x 10 cm, hexane/EtOAc, 1:0, 9:1, 4:2, 7:3, 3:2 1:1, 50 mL each) 
with a plug of KF to afford 82.1 mg (83%) of lactam 15As a colorless oil. 
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Data for 15 : 
 bp: 80 
o
C (0.1 mm Hg) 
 1
H-NMR: (500 MHz, CDCl3) 
3.88 (ddd, J = 3.6, 8.6, 12.0, 1 H, HC(4)), 2.94 (dd, J = 8.0, 16.6, 2 H, HC(1), 
HC(4)), 2.28 (dd, J = 7.8, 13.9, 1 H, HC(5a)), 2.15 (m, 3 H, HC(7a), HC(1), 
HC(7 or 6)), 1.94 (ddd, J = 7.2, 7.2, 20.6, 1 H, HC(5)), 1.76 (ddd, J = 6.8, 
13.5, 13.6, 1 H, HC(7)), 1.62 (m, 2 H, HC(5), HC(7 or 6)), 1.42 (m, 1 H, 
HC(7 or 6)), 1.30 (s, 3 H, H3C(8)) 
 13
C-NMR: (126 MHz, CDCl3) 
176.6 (C(2)), 79.1 (C(7b)), 48.5 (C(7a)), 44.1 (C(5a)), 42.2 (C(4)), 40.3 
(C(1)), 33.3 (C(5)), 32.2 (C(6)), 31.3 (C(7)), 23.0 (C(8)) 
 IR: (neat) 
3019 (s), 2957 (m), 2865 (w), 2400 (m), 1676 (m), 1521 (m), 1400 (w), 1215 
(s) 
 MS: (ESI, Q-tof) 
167 (M
+
+1, 12), 166 (M
+
, 100) 
Mol. Formula: C10H15NO (165.23) 
 HRMS: C10H15NO: (165.1232) 
Calcd: 166.1232 
Found: 166.1231 
 TLC: Rf  0.17  (hexanes/EtOAc, 1:1) [KmnO4] 
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Preparation of (5aS,7aR)-Octahydro-7b-methyl-cyclopenta[gh]pyrrolizine•Borane (16): 
[NDG-X-58] 
 
To a 100-mL, one-necked, round-bottomed flask fitted with a rubber septum, and a 
nitrogen inlet adaptor, was added lactam 15 (1.09 g, 6.6 mmol) and THF (60 mL). The flask was 
cooled to 0 ºC in an ice bath and BH3•THF complex (3.0 equiv, 1.0 M solution, 7.0 mL) was 
added dropwise over 10 min (bubbling observed).  The cooling bath was removed and the 
resulting clear solution was stirred for 8 h.  The reaction was quenched by the addition of 30 mL 
of MeOH, and the reaction was concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C). The 
resulting thick, glassy oil was purified by silica gel column chromatography (2 cm x 12 cm, 
hexanes/EtOAc, 10:1, 5:1, 3:1, 200 mL each) to afford 794 mg (80%) of borane complex 16 as a 
white wax. 
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Data for 16: 
 1
H-NMR: (500 MHz, CDCl3) 
3.27 (ddd, J = 7.0, 7.0, 11.9, 2 H, HC(2 and 4)), 3.14 (m, 2 H, HC(2 and 4)), 
2.30 (m, 2 H, HC(5a), HC(7a)), 2.14 (ddd, J = 6.9, 6.9, 15.2, 2 H, HC(1), 
HC(5)), 1.86 (m, 2 H, CH2), 1.56 (ddd, J = 9.8, 9.8, 10.3, 3 H, CH2), 1.47 (s, 3 
H, HC(8)), 1.26 (m, J = 6.6, 13.7, 2 H, CH2), (0.8-2.5, br, 3 H, (H3B)
613
) 
 13
C-NMR: (126 MHz, CDCl3) 
87.7 (C(7b)), 75.7 (C(2)), 68.4 (C(4)), 64.2 (C(7a)), 61.0 (C(5a)), 53.2 (C(1)), 
31.4 (C(5)), 30.9 (C(7)), 28.0 (C(6)), 25.2 (C(8)) 
 IR: (NaCl plates, thin film) 
3020 (s) 2971 (w), 292 (w), 2400 (m), 2361 (m), 2326 (m), 1517 (m), 1475 
(w), 1425 (w), 1361 (w), 1215 (s), 929 (m), 756 (s), 669 (s) 
 MS: (ESI, Q-tof) 
165 (M
+
, 10), 164 (83), 163 (19), 153 (13), 152 (100) 
 Mol. Formula: C10H20BN; (165.08) 
 HRMS: C10H19BN:  (164.1611) 
 Calcd:  164.1611 
 Found:  164.1611  
 TLC: Rf 0.54 (CH2Cl2/hexanes, 3:1) [I2, CAM] 
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Preparation of the Scaffold for Library II. 
Preparation of (1S,3S,5aS,7aS,7bR)-Octahydro-1-hydroxy-7b-methyl-2H-cyclopenta[gh] 
pyrrolizin-2-one (4a): [NDG-XI-65] 
 
To a 250-mL, three-necked, round-bottom flask fitted with two rubber septa, a magnetic 
stir bar,  a nitrogen inlet adaptor and an internal temperature probe, was added nitroalkene (E,E)-
1 (3.68 g, 18.45 mmol) and chiral vinyl ether 3 (5.6 g, 28 mmol, 1.5 equiv) via syringe.  The 
flask was then evacuated using high vacuum (~0.1 mm Hg) for 30 min and then was backfilled 
with N2 and charged with CH2Cl2 (110 mL).  The internal temperature was set to –85 
o
C 
(hexanes/N2 bath).  This yellow solution was sirred for 15 min, then freshly prepared TiCl2(Oi-
Pr)2 solution (1.2 M in CH2Cl2, 3.0 equiv) was added dropwise via syringe at a rate that the 
internal temperature did not rise above –70 oC (ca. 15 min).  After addition of the Lewis acid, the 
cooling bath was replace with an acetone/CO2(s) bath and the resulting bright yellow solution was 
stirred for another 5 h maintaining an internal temperature ≤ –75 oC.  Throughout the reaction the 
yellow color gradually faded and a white precipitate formed.  After 5 h the reaction was 
quenched with triethylamine (6.1 equiv, 1.0 M in MeOH) via syringe maintaining an internal 
temperature of less than –40 oC.  The cooling bath was then removed and the reaction mixture 
was allowed to warm to 0 
o
C (ca. 15 min).  The resulting white suspension was then diluted with 
ethyl acetate (100 mL) and poured 1-L separatory funnel containing sat. aq. NH4Cl  (250 mL) 
and tert-butylmethyl ether (100 mL).  The layers were separated and the organic phase was 
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washed with sat. aq. NH4Cl (2 x 50 mL), brine (1 x 100 mL) and sat. aq. NaHCO3 (1 x 150 mL).  
The aqueous layers were combined and back extracted with tert-butylmethyl ether (3 x 100 mL).  
The combined organic layers were dried over NaHCO3/MgSO4 (1/1), filtered (cotton plug), and 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C).  The resulting residue was filtered 
through a pad of silica gel (3 x 3 cm), eluting with ethyl acetate (100 mL) to remove any 
remaining amine impurities.  The resulting clear solution was concentrated (15 mm Hg, 20-25 
o
C) to a pale-yellow residual oil in a 1-L one-necked, round-bottom flask.  Tert-Butylmethyl 
ether (200 mL) was added followed by NaHCO3 (1.5 g, 1.0 equiv) and a large a magnetic stir 
bar.  The flask was fitted with an a nitrogen inlet adaptor, evacuated, backfilled with N2 and 
allowed to stir at room temperature for 12 h. The suspension was stirred at room temperature for 
12 h then filtered through Celite (3 x 3 cm) and concentrated by rotary evaporation (15 mm Hg, 
20-25 
o
C).  The resulting mixture of nitroso acetals was diluted in EtOAc/MeOH (9/1, 25 mL) 
and added to a test tube (6 cm x 14 cm) containing a spatula tip (~200 mg) of Raney Ni 
(previously washed with H2O, MeOH, and EtOAc, 2 x 15 mL each) along with a magnetic stir 
bar.  The tube was placed in a steel autoclave, which was then pressurized with H2 (350 psi) and 
set on a stir-plate.  After stirring for 2 days at room temperature the autoclave was carefully 
vented in a fume hood and the solution was through a plug of Celite (5 cm x 5 cm) with EtOAc 
(200 mL).  The resulting clear solution was concentrated by rotary evaporation (15 mm Hg, 20-
25 
o
C ) and purified by silica gel column chromatography (30 mm x 8 mm), CH2Cl2/EtOAc, 
19:1, 10:1, 1:1, 200 mL each) to afforded 2.76 g (76%, 3 steps) of -hydroxy lactam 4a as a 
white poweder. The spectroscopic data are in accord with those previously reported.
611,614
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Data for 4a: 
 mp: 110-114 °C (hexanes/EtOAc) 
 1
H-NMR: (500 MHz, CDCl3) 
4.69 (d, J = 7.2, 1 H, HC(1)), 3.93 (ddd, J = 12.0, 8.5, 3.6, 1 H, HC(4)), 2.99-
2.93 (m, 1 H, HC(4)), 2.70-2.64 (m, J = 7.4, 2 H, HOC(1), HC(7)), 2.33-2.27 
(m, 1 H, HC(5a)), 2.18-2.12 (m, 1 H, HC(5)), 1.85-1.70 (m, 3 H, HC(6), 
H2C(7)), 1.56-1.42 (m, 1 H, HC(5)), 1.35 (s, 3 H, H3C(10)), 1.33-1.27 (m, 1 
H, HC(6)) 
 13
C-NMR: (126 MHz, CDCl3) 
176.6 (C(1)), 75.7 (C(9)), 72.9 (C(2)), 51.2 (C(3)), 49.3 (C(6)), 42.2 (C(8)), 
31.6 (C(7)), 31.1 (C(5)), 24.9 (C(4)), 23.0 (C(10)) 
 IR: (CDCl3, film) 
3390 (s), 2961 (s), 2860 (m), 1705 (s), 1325 (s) 
 
 MS: (ESI, Qtof) 
182 (100), 102 (14) 
 Opt. Rot.: []24
D
  -35.2, (c = 1.07, CH2Cl2): (known (99:1) = -36.9 (c = 1.00, 
CH2Cl2)
611,614
 
 TLC: Rf  0.20  (hexane/EtOAc, 4:1) [I2, KmnO4] 
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Preparation of (1S,3R,5aS,7aS,7bR)-Octahydro-1-hydroxy-7b-methyl-2Hcyclopenta[gh] 
pyrrolizinBorane (1a): [ndg12-85, ndg11-67] 
 
To a 50-mL, two-necked, round-bottomed flask fitted with a rubber septum, a nitrogen 
inlet adaptor, a magnetic stir bar and an internal temperature probe (inserted through a rubber 
septum) was added lactam 4a (181 mg, 1.0 mmol) and THF (1 mL). The flask was cooled to 0 ºC 
in an ice bath, and BH3•THF complex (5.0 equiv, 1.0 M solution, 5 mL) was added dropwise 
over 10 min (bubbling observed).  The cooling bath was removed and the resulting clear solution 
was stirred for 2 h.  The reaction was quenched by the addition of 20 mL of MeOH and the 
mixture was concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C).  This process was 
repeated three more times to afford the crude product as a white solid.  Purification by silica gel 
column chromatography ((2 cm x 7 cm), hexanes/EtOAc, 95:5, 85:15, 3:1, 150 mL each) 
afforded ~185 mg of 17a.  Recrystallization from hexanes/MTBE (5:1) afforded 175 mg (96%) 
of the borane complex 17a as white needles. 
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Data for 1a: 
 mp: 164-165˚C (MTBE/hexanes) 
 1
H-NMR: (500 MHz, CDCl3) 
4.75 (dd, J = 8.1, 15.3, 1 H, HC(1)), 3.44 (dd, J = 6.5, 10.9, 1 H, HC(2)), 3.28 
(ddd, J = 2.5, 6.7, 12.1, 1 H, HC(4)), 3.16 (dt, J = 6.6, 11.7, 1 H, HC(4)), 3.03 
(m, 1 H, HC(2)), 2.39 (m, 2 H HC(5a), HC(7a)), 2.07-2.00 (m, 1 H, HC(7)), 
1.99-1.90 (m, 1 H, HC(6)), 1.89-1.73 (m, 2 H, HC(6), HC(5)), 1.74-1.58 (M, 2 
H, HC(7), HC(5)), 2.10-1.25 (s, broad, 3 H, H3B), 1.48 (s, 3 H, H3C(8)) 
 13
C-NMR: (126 MHz, CDCl3) 
87.8 (C(7b)), 69.4 (C(1)), 66.0 (C(2)), 63.1 (C(4)), 55.1 (C(7a)), 53.1 (C(5a)), 
32.1 (C(5)), 28.0 (C(7)), 26.4 (C(6)), 25.2 (C(8)) 
 IR: (NaCl plate, film) 
3018 (m), 2969 (m), 2872 (w), 2367 (m), 2363 (m), 2333 (m), 2276 (w), 1215 
(s) 
 MS: (ESI, Q-tof) 
180 (42), 167 (21), 152 (100), 96 (59) 
 Opt. rot.:  α  
   -1.74
o
 (c = 1.0, CH2Cl2) 
 TLC: Rf  0.33  (hexanes/EtOAc, 3:1) [I2] 
 Analysis: C10H20BNO  (181.08) 
Calcd: C, 66.33; H, 11.13; N, 7.73 
Found: C, 66.05; H, 10.95; N, 7.52 
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6.4.4. Preparation of (1R,3S,5aS,7aS,7bR)-Octahydro-1-hydroxy-7b-methyl-
2Hcyclopenta[gh]pyrrolizin-2-one (4b): [ndg8-92, ndg8-94, 9-11] 
 
To a 250-mL, three-necked, round-bottomed flask fitted with two rubber septa, a 
magnetic stir bar, a nitrogen inlet adaptor and an internal temperature probe, was added 
nitroalkene (E,Z)- (2.0 g, 10.0 mmol) and chiral vinyl ether 3 (3.1 g, 15.1 mmol, 1.5 equiv) via 
syringe.  The resulting yellow oil was then evacuated using high vacuum (~0.1 mm Hg) for 30 
min.  The flask was backfilled with N2 and charged with CH2Cl2 (60 mL).  The solution was 
cooled to –85 oC by immersion in a hexanes/N2 bath.  This cooled yellow solution was sirred for 
15 min, then freshly prepared TiCl2(O-i-Pr)2 solution (1.2 M in CH2Cl2, 3.0 equiv) was added 
dropwise via syringe while maintaining an internal temperature < –70 oC (ca. 15 min).  After 
addition of the Lewis acid, the cooling bath was replaced with an acetone/CO2(s) bath and the 
resulting bright yellow solution was stirred for another 5 h while maintaining an internal 
temperature ≤ –72 oC.  During the course of the reaction, the yellow color gradually faded and a 
white precipitate formed.  After 5 h, the reaction was quenched with triethylamine (6.1 equiv, 1 
M in MeOH) via syringe while maintaining an internal temperature < –40 oC.  The cooling bath 
was then removed and the reaction mixture was allowed to warm to 0 
o
C (ca. 15 min).  The 
resulting white suspension was then diluted with ethyl acetate (50 mL) and poured in a 500-mL 
separatory funnel containing a biphasic mixture of sat. aq. NH4Cl and MTBE (100 mL each).  
The biphasic solution was separated and the organic extract was extracted with sat. aq. NH4Cl 
solution (2 x 50 mL), H2O (2 x 50 mL) and brine (2 x 50 mL).  The combined aqueous layers 
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were back extracted with MTBE (3 x 75 mL).  The combined organic layers were dried over 
NaHCO3/MgSO4 (1/1), filtered (cotton plug), and concentrated by rotary evaporation (15 mm 
Hg, 20-25 
o
C).  The resulting residue was filtered through a pad of silica gel (3 x 3 cm), eluting 
with ethyl acetate (100 mL) to remove any remaining amine impurities.  The resulting clear 
solution was concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) to a pale-yellow residual 
oil in a 1-L one-necked, round-bottomed flask.  Hexanes (200 mL) was added followed by 
NaHCO3 (4.22 g, 50.0 mmol, 5.0 equiv) and a large a magnetic stir bar.  The flask was fitted 
with a nitrogen inlet adaptor evacuated and backfilled with N2 and immersed in a preheated 40 
o
C oil bath.  The suspension was stirred at 40 
o
C (bath temperature) for 30 h then filtered through 
Celite (3 x 3 cm) and concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C).  The resulting 
mixture of nitroso acetals was diluted in EtOAc/MeOH (9:1, 25 mL) and added to a test tube (6 
cm x 14 cm) containing a spatula tip (~200 mg) of Raney Ni (previously washed with H2O, 
MeOH, and EtOAc, 2 x 15 mL each) along with a magnetic stir bar.  The tube was placed in a 
steel autoclave, which was then pressurized with H2 (350 psi).  After 2 days the autoclave was 
carefully vented in a fume hood and the solution was filtered (cotton plug) through a plug of 
Celite (5 cm x 5 cm) with EtOAc (200 mL).  The resulting clear filtrate was concentrated by 
rotary evaporation (15 mm Hg, 20-25 
o
C) and purified by silica gel column chromatography (2 
cm x 8 cm, CH2Cl2/EtOAc, 19:1, 10:1, 1:1, 100 mL each).  Recrystallization from hot 
hexanes/EtOAc (10:1, ~50 mL) afforded 1.15 g (63%, 3 steps) of analytically pure α-hydroxy 
lactam 4b as colorless needles. 
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Data for 4b: 
 mp: 112-117 
o
C 
 1
H-NMR: (500 MHz, CDCl3) 
4.68 (dd, J = 1.2, 7.3, 1 H, HC(1)), 3.90 (ddd, J = 3.7, 8.5, 12.0, 1 H, HC(4)), 
3.05 (br, 1 H, HOC(1)), 2.93 (ddd, J =1.2, 8.1, 12.0, 1 H, HC(4)), 2.63 (q, J = 
7.3, 1 H, HC(7a)), 2.25 (m, 1 H, HC(5a)), 2.12 (m, 1 H, HC(5)), 1.79 (m, 1 H, 
HC(6)), 1.72 (m, 2 H, H2C(7)), 1.49 (m, 1 H, HC(5)), 1.32 (s, 3 H, H3C(8)), 
1.27 (m, 1 H, HC(6)) 
 13
C-NMR: (126 MHz, CDCl3) 
176.2 (C(1)), 75.8 (C(9)), 73.0 (C(2)), 51.2 (C(3)), 49.3 (C(6)), 42.2 (C(8)), 
31.5 (C(4)), 31.1 (C(7)), 24.8 (C(8)), 23.0 (C(10)) 
 IR: (KBr plate) 
3302 (s, br), 2952 (s), 2864 (s), 1700 (s), 1653 (s) 
 MS: (ESI, Q-tof) 
181 (100), 166 (91), 38 (53), 107 (26), 82 (28), 55 (35) 
 TLC: Rf  0.33  (EtOAc/CH2Cl2, 1:3) [I2, KmnO4] 
 Analysis: C10H15NO2  (181.23) 
Calcd: C, 66.27; H, 8.34; N, 7.65 
Found: C, 65.97; H, 8.32; N, 7.65 
 Opt. Rot: []24
D
 +50.6, (c = 1.03, CH2Cl2) 
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Preparation of (1R,3R,5aS,7aS,7bR)-Octahydro-1-[N-(3,5-Dinitrophenyl)carbamoxy]-7b-
methyl-2H-cyclopenta[gh]pyrrolizin-2-one (S1): [ndg12-90] 
 
A 25 mL round-bottomed flask (A) was fitted with a reflux condenser, a nitrogen inlet 
adaptor, a rubber rubber septum and a magnetic stir bar. The apparatus was opened and 3,5-
dinitrobenzoylazide (25 mg, 0.105 mmol, 1.2 equiv) was added as a solid. The apparatus was 
evacuated and backfilled with N2 three times and toluene (5.0 mL) was added. The clear solution 
was immersed in a preheated (115 
o
C) oil bath and stirred at reflux for 30 min. In a separate, 
two-neck, 5 mL conical flask (B) fitted with a triangular a magnetic stir bar, rubber septum and a 
nitrogen inlet adaptor the starting alcohol was added (17.2 mg, 0.087 mmol) followed by toluene 
(1.0 mL). The resulting solution (B) was transferred to flask (A) via cannula. The resulting light 
yellow solution was heated to reflux for 2 h and then allowed to cool to room temperature. The 
reaction mixture was concentrated in vacuo, and the crude product was purified by column 
chromatography (hexane/EtOAc (3/1, 1/1)) to afford 36 mg (75%) of enantioenriched 
(1R,3R,5aS,7aS,7bR) octahydro-1-[N-(3,5-Dinitrophenyl)carbamoxy]-7b-methyl-2H-
cyclopenta[gh]pyrrolizin-2-one (S1) as a white solid. The sample was compared to racemate as 
previously described.
611,614,615
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Data for (S1) 
 1
H-NMR: (500 MHz, CDCl3) 
9.65 (s, 1 H, HN)  8.71 (d, J = 2.0, 2 H), 8.67 (dd, J = 2.0, 2.0, 1 H), 5.03 (s, 1 
H), 3.93 (ddd, 1 H, J = 3.9, 8.7, 12.6), 3.09 (m, 1 H), 2.40 (dd, J = 4.8, 9.0, 1 
H,), 2.28 (m, 2 H), 2.13 (m, 1 H), 1.87 (m, 2 H), 1.71 (m, 2 H), 1.43 (s, 3 H), 
1.28 (m, 5 H), 0.85 (dd, J = 11.2, 13.1, 1 H) 
 13
C-NMR: (126 MHz, d7-DMF) 
170.7 (C(2)), 152.9 (C(10)), 148.8 (C(11)), 141.8 (C(13)), 117.6 (C(14)), 
111.8 (C(12)), 82.4 (C(7b)), 48.4 (C(1)), 50.1 (C(7a)), 48.1 (C(5a)), 41.9 
(C(4)), 31.3 (C(6)), 30.9 (C(7)), 23.0 (C(9)) 
 MS: (EI, 70 eV) 
405(82), 390(100), 374(12), 187(24), 91(25), 75(40) 
 TLC: Rf  0.32  (hexanes/EtOAc, 3:1) [I2] 
 CSF-SFC:  tR= 11.27 min (96%) and 15.73 (4%) (Chiralpak AD, 125 bar, 40 °C, 15 % 
MeOH in CO2, 3.0 mL/min, 220 nm)  
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Preparation of (1R,3R,5aS,7aS,7bR)-Octahydro-1-hydroxy-7b-methyl-2Hcyclopenta[gh] 
pyrrolizineBorane (1b): [ndg5-56, ndg14-13] 
 
To a 100-mL, single-necked, round-bottomed flask fitted with a rubber septum, a 
magnetic stir bar, and a nitrogen inlet adaptor, was added lactam 4b (170 mg, 0.866 mmol) and 
THF (60 mL).  The flask was cooled in an ice bath and BH3•THF complex (30 equiv, 1.0 M 
solution, 9.0 mL) was added dropwise over 10 min (bubbling observed).  The cooling bath was 
removed and the clear solution was stirred for 8 h.  The reaction was quenched by the addition of 
30 mL of MeOH and the mixture was concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C).  
The resulting white solid was redissolved in 15 mL of MeOH (15 mL) and again concentrated by 
rotary evaporation (15 mm Hg, 20-25 
o
C).  Purification by silica gel column chromatography ((2 
cm x 7 cm), hexanes/EtOAc, 1:0, 10:1, 8:1, 5:1, 3:1, 100 mL each) afforded 130.2 mg (77%) of 
borane complex 1b as a white solid. 
Data for 17b: 
 mp: 88-91 
o
C 
 1
H-NMR: (500 MHz, CDCl3) 
3.89, (br, 1 H, HC(1)), 3.54, (d, J = 8.7, 1 H, HO(C(1)), 3.33, (ddd, J = 12.7, 
2.9, 1.3, 1 H, HC(2), 3.30, (dd, J = 12.6, 5.22, 1 H, HC(4)), 3.19-3.10, (m, 2 
H HC(7a), HC(5a)), 2.32-2.25, (m, 2 H, HC(2), HC(4)), 2.02-1.90, (m, 2 H, 
HC(6), HC(7)), 1.83-1.75, (m, 1 H, HC(6)), 1.55-1.45, (m, 3 H, HC(5), 
HC(6), HC(7)), 1.51, (s, 3 H H3C(8)), 0.8-2.5, (br, 3 H, (H3B)) 
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 13
C-NMR: (126 MHz, CDCl3) 
87.5, (C(1)) 75.2, (C(7b)) 68.4, (C(2)) 64.1, (C(4)) 60.9, (C(7a)) 53.0, (C(5a)) 
31.5, (C(5)) 30.7, (C(6)) 28.0, (C(7)) 25.2, (C(8)) 
 IR: (NaCl plate, film) 
3053 (m), 2986 (m), 2871 (w), 2386 (m), 2306 (m), 2253 (m), 1421 (w), 1382 
(w), 1265 (s) 
 MS: (ESI, Q-tof) 
180 (100) 
 Analysis: C10H20BNO  (181.08) 
Calcd: C, 66.33; H, 11.13; N, 7.73 
Found: C, 66.32; H, 10.90; N, 7.66 
 TLC: Rf  0.33  (hexanes/EtOAc, 3:1) [I2] 
 
Preparation of Scaffold for Library III.  
Preparation of rel (2S,2aR,5aS)-6-[6a-methylperhydrocyclopenta[b]pyrrole]methanol (S2): 
[ndg-II-36, ndg-II-20] 
 
To a 500-mL, three-necked, round-bottomed flask fitted with a nitrogen inlet adaptor, a 
magnetic stir bar, a rubber septum and an internal temperature probe was added n-butyl vinyl 
ether (1.4 mL, 10.5 mmol, 2.5 equiv), CH2Cl2 (100 mL), and trimethylaluminum (10.5 mL, 10.5 
mmol, 2.5 equiv, 1.0 M).  The resulting clear solution was allowed to stir for 10 min. as the 
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vessel was cooled to –77 ºC by submersion in an i-PrOH/CO2(s) bath.  Nitroalkene S3 (590 mg, 
4.2 mmol)was dissolved in CH2Cl2 (100 mL) and was transferred to the trimethylaluminum 
solution by cannulation while maintaining an internal temperature < –70 ºC (ca. 45 min). The 
resulting orange solution was allowed to stir for an additional 3 h during which time the color 
gradually faded.  The mixture was quenched by the slow, cautious addition of silica gel via a 
long stem addition funnel until no bubbling was observed (~2 g).  The mixture filtered through 
more silica gel (~1 g, prewetted with EtOAc) and rinsed with ethyl acetate (80 mL). The 
resulting clear filtrate was dried (MgSO4), filtered, and concentrated by rotary evaporation (15 
mm Hg, 20-25 
o
C) to yield 3.8 g (98%) of the intermediate nitronates as as a clear oil. 
The clear oil was transferred to a 250-mL, single-necked, round-bottomed flask with 
benzene (150 mL).  The flask was fitted with a reflux condenser, a nitrogen inlet adaptor and a 
magnetic stir bar and immersed in a preheated (85 
o
C) oil bath.  After 12 h, the starting material 
was consumed (TLC), and the light-yellow solution was allowed to cool to room temperature.  
The solvent was removed by rotary evaporation (15 mm Hg, 20-25 
o
C) to give the intermediate 
nitrosoacetals as a viscous, light-yellow oil.  The crude nitroso acetals were dissolved in 
methanol in methanol (20 mL) and transferred to a test tube (3 x 14 cm) containing Raney nickel 
(~50 mg, previously washed with H2O, MeOH, and EtOAc, 2 x 10 mL each) and a magnetic stir 
bar. The test tube was placed in a steel autoclave which was then pressured with H2 (300 psi) and 
placed on a stir plate.  The reaction was stirred under H2 for 28 h, and was then filtered through a 
pad of Celite, washing with 150 mL methanol. The filtrate was concentrated by rotary 
evaporation (15 mm Hg, 20-25 
o
C) and purified by silica gel column chromatography (2 cm x 5 
cm, gradient elution: CH2Cl2/MeOH/NH4OH, 20:1:0.01, 10:2:.01, 150 mL each) to afford 456 
mg (70%, 3 steps) of amino alcohol 29 as a white solid. 
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Data for 29: 
 mp: 154-160 
o
C 
 1
H-NMR: (500 MHz, CDCl3) 
3.95 (dd, J = 11.3, 2.0, 1.0, 1 H, HC(1)), 3.67 (dd, J = 11.5, 3.9, 1 H, HC(4)), 
2.96 (p, J = 5.60, 1 H, HC(4)), 2.84-2.79 (m, 1 H, HC(4)), 2.21 (tt, 1 H), 1.96-
1.80 (m, 2 H, HC(5), HC(6)), 1.79-1.71 (m, 1 H, HC(5)), 1.62-1.51 3 H, 
HC(6), H2C(7)) 1.45-1.40 (m, 1 H, HC(5a)), 1.29, (s, 3 H, H3C(8)) 
 13
C NMR: (126 MHz, CDCl3) 
72.4 (C(2a)), 62.1 (C(1)), 50.7 (C(5a)), 50.4(C(2)), 47.8 (C(4)), 34.8 (C(5)), 
30.7 (C(6)), 27.9 (C(7)), 27.6 (C(8)) 
 IR: (NaCl plate) 
329 (s, br), 2949 (s), 2858 (s), 1692 (m), 1682 (m), 1633.6 (m), 1455 (m) 
 MS: (EI, 70eV) 
155 (8), 97 (10), 96(100), 83 (19), 82(32), 42 (9), 36 (20) 
 GC: (Method 1) 
tR 5.96 min  
 TLC: Rf: 0.26 (CH2Cl2/CH3OH,/NH4OH, 20:3:0.1) [I2, KmnO4] 
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Preparation of Octahydro-2-methyl-6-aza-bicyclo[3.2.0]hept-1(5)-eno[6,5,4-ab]pyrrole 
•borane complex (S4): [ndg2-64] 
 
To a 100-mL, three-necked, round-bottomed flask fitted with a nitrogen inlet adaptor, 
two rubber septa, an internal temperature probe, and a magnetic stir bar was added amino alcohol 
29 (420 mg, 2.71 mmol) as a solution in THF (25 mL).  To this solution was added 
triphenylphosphine (0.711 g, 2.71 mmol, 1.0 equiv).  The resulting slightly cloudy solution was 
allowed room temperature until all of the phosphine was dissolved (15 min) and was then 
brought to –1 ºC by use of a salt/ice bath.  Diisopropylazodicarboxylate (DIAD, 0.53 mL, 2.71 
mmol, 1.0 equiv) was then added dropwise over 5 min maintaining an internal temperature of ≤ 3 
ºC.  During the addition of the first three fifths of DIAD, the orange color quickly dissipated, but 
persisted during the addition of the last two fifths.  The reaction was allowed to stir for an 
additional 25 min during which time it gradually turned from orange to a very light-yellow.  At 
this point the reaction was judged to be complete (TLC) and was quenched by the addition of 
BH3THF solution (1.0 M THF, 13.6 mL, 13.6 mmol) over 10 min maintaining an internal 
temperature of ≤ 5 ºC. The reaction was allowed to stir for an additional 30 min and the 
remaining borane was quenched by carefully pouring the mixture into a 250-mL separatory 
funnel containing H2O (50 mL), which bubbled vigorously.  The milky white mixture was 
extracted with dichloromethane (3 x 50 mL),  The combined organic were dried (MgSO4), 
filtered (cotton plug) and concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C).  Purification 
of S4 by silica gel chromatography (3 cm x 16 cm, gradient elution, hexanes/EtOAc, 93:7, 90:10, 
85:15) afforded 329 mg of S4 as a white solid which was then sublimed (70 ºC, cold water, 0.2 
mm Hg) to afford 324.0 mg (79%) of analytically pure 30 as a white, waxy solid. 
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Data for 30: 
 mp: 154-156 
o
C 
 1
H-NMR:  (500 MHz, CDCl3) 
3.90 (t, J = 10.25, 1 H, HC(1)), 3.19-3.14 (m, 1 H, HC(7)), 3.06-3.02 (m, 1 H, 
HC(7)), 2.93 (dd, J = 6.1, 1 H, HC(1)), 2.50-2.46 (m, 2 H, HC(2), HC(5)), 
2.10-1.60 (m, 9 H, HC(1)), 1.50 (s, 3 H, HC(9)), 0.8-2.5 (br, 3 H, (H3B)
3
) 
 13
C NMR: (126 MHz, CDCl3) 
87.0 (C(8)), 64.3 (C(1)), 63.9 (C(7)), 51.7 (C(2)), 36.9 (C(5)), 31.3 (C(3)), 
31.1 (C(6)), 29.4 (C(4)), 19.9 (C(9)). 
 IR: (KBr plate) 
2962 (s), 2968 (s), 2358 (s), 2260 (s), 1772 (w), 1734 (w), 1716 (w), 1699 
(w), 1683 (w), 1652 (w), 1635 (w), 1558 (m), 1521 (m), 1540 (m), 1474 (m), 
1456 (s), 1376 (s), 1167 (s) 
 MS: (EI, 70 ev) 
137 (2), 149 (22), 150 (100), 151 (53), 152 (5)  
 
 Analysis: C9H18BN: (151.06) 
Calcd: C, 71.56; H, 12.08; N, 9.27%; 
Found: C, 71.37; H, 12.08; N, 9.22% 
 TLC: Rf  0.31 (hexane/EtOAc, 4:1) [CAM] 
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6.4.5. Parallel Syntheses: Library Intermediates and Quaternary Ammonium Bromides 
6.4.5.1. Variable Group R3: General Procedure (I) for the Preparation of Library 
Intermediates 
 
To a two-necked, 25-mL, round-bottomed flask equipped with a nitrogen inlet adapter, a 
rubber septum and a magnetic stir bar was added sequentially alcohol X (X mg, 0.X mmol) and 
DMF (2.74 mL, ~0.35 M).  The flask was then immersed in an ice/NaCl bath for 15 min.  
Sodium hydride (xx mg, 0.xx mmol, 1.2 equiv) was weighed into a vial in a glove box then 
transferred to the flask in one portion (bubbling was observed).  The resulting solution was 
allowed to stir for 15 min then alkyl bromide (X μL, 0.X mmol, 1.2 equiv) was added via syringe 
in a single portion.  The resulting cloudy mixture was stirred for 2 h, then quenched by pouring 
onto onto ice water (20 mL). This mixture was transferred to a 125-mL separatory funnel where 
an additional 20 mL of water was added and the aqueous phase was extracted with 
dichloromethane (3 x 20 mL). The organic extracts were washed with water (2 x 20 mL), and 
brine (2x 20 mL), then the combinded organic extracts were dried (MgSO4).  The floculant 
suspension was filtered through a small pad of Celite (1 cm x 2 cm) and concentrated by rotary 
evaporation (15 mm Hg, 20-25
o
C) to afford a thick oil.  Purification by silica gel 
chromatography (1.8 cm x 8 cm column, gradient elution, hexanes/EtOAc, 1:9, 1:3, 1:1) afforded 
X mg (XX%) of ether X{x}.  
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Preparation of AminoBorane Intermediates II{2-5}. Preparation of (1S,3S,5aS,7aS,7bR)-
Octahydro-1-benzyloxy-7b-methyl-2Hcyclopenta[gh]pyrrolizine •Borane (II{2}): [NDG-
XII-81-c1f1] 
 
Following General Procedure I, a two-necked, 25-mL, round-bottomed flask equipped 
with a nitrogen inlet adapter, a rubber septum and a magnetic stir bar was added sequentially 
alcohol 1a (54.3 mg, 0.30 mmol), dimethylformamide (3.0 mL, ~0.1 M), then sodium hydride 
(9.1 mg, 0.36 mmol, 1.2 equiv) at 0 
oC.  After 15 min, benzyl bromide (42.8 μL, 0.36 mmol, 1.2 
equiv) was added via syringe.  The solution was stirred for 2 h then quenched onto ice water (20 
mL).  Extraction and purification by silica gel column chromatography as described in General 
Procedure I afforded 65.1 mg (78%) of benzyl ether II{2} as a clear, viscous oil. 
Data for II{2}: 
 1
H-NMR: (500 MHz, CDCl3) 
7.41–7.23 (m, 5 H, HC(11), HC(12), HC(13)), 4.52–4.45 (m, 3 H, H2C(9), 
HC(1)), 3.48 (dd, J = 6.3, 10.9, 1 H, HC(2)), 3.30–3.25 (m, 1 H, HC(4)), 
3.20–3.15 (m, 1 H, HC(4)), 3.14–3.01 (m, 1 H, HC(4)), 2.46 (dd, J = 7.8, 
15.8, 1 H, HC(7a)), 2.40 (dd, J = 6.5, 15.1, 1 H, HC(5a)), 2.36–2.34 (m, 1 H, 
HC(7a)), 2.19–2.17 (m, 1 H, HC(7)), 2.07–1.99 (m, 1 H, HC(6)), 1.88–1.75 
(m, 2 H, HC(6), HC(5)), 1.69 (m, 1 H, HC(7), HC(5)), 1.50 (s, 3 H, H3C(8)), 
0.8–2.5 (br, 3 H, (H3B)
613
) 
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 13
C-NMR: (126 MHz, CDCl3) 
137.9 (C(10)), 128.5 (C(12)), 127.8 (C(13)), 127.5 (C(11)), 87.7 (C(7b)), 76.6 
(C(1)), 72.2 (C(9)), 64.3 (C(2)), 63.1 (C(4)), 53.6 (C(7a)), 53.1 (C(5a)), 32.1 
(C(5)), 28.0 (C(6)), 26.6 (C(7)), 25.3 (C(8)) 
 IR: (CDCl3, film) 
3014 (m), 2698 (m), 2929 (m), 2858 (m), 2362 (m), 2326 (m), 2276 (m), 241 
(w), 1480 (m), 1453 (m), 1380 (w), 115 (s) 
 MS: (EI, 70eV) 
270 (15), 242 (22), 166 (100), 151 (33), 91 (70) 
 Mol. Formula: C17H26BNO (271.21) 
 HRMS: C17H25NOB: (270.2029) 
  Calcd:  270.2029 
  Found:  270.2029 
 TLC: Rf  0.39  (EtOAc/Hexanes, 1:3) [I2, CAM] 
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Preparation of (1S,3S,5aS,7aS,7bR) Octahydro-1-hexyloxy-7b-methyl-2Hcyclopenta[gh]  
pyrrolizine•Borane (II{3}) [NDG-XII-84-c1f1] 
 
Following General Procedure I, a two-necked, 25-mL, round-bottomed flask equipped 
with a nitrogen inlet adapter, a rubber septum and a magnetic stir bar was added sequentially 
alcohol 1a (54.3 mg, 0.30 mmol), dimethylformamide (3.0 mL, ~0.1 M), then sodium hydride 
(9.1 mg, 0.36 mmol, 1.2 equiv) at 0 
o
C.  After 15 min, 1-bromohexane (51 μL, 0.36 mmol, 1.2 
equiv) was added via syringe.  The solution was stirred for 2 h then more sodium hydride was 
added (4.5 mg, 0.18 mmol, 0.6 equiv) followed by more 1-bromohexane (25 µL, 0.18 mmol, 0.6 
equiv).  After another 2 h the process was repeated a third time, sequentially adding NaH (2.3 
mg, 0.09 mmol, 0.3 equiv), then 1-bromohexane (12 µL, 0.09 mmol, 0.3 equiv).  After another 2 
h the reaction was quenched onto ice water (20 mL).  Extraction and purification by silica gel 
column chromatography as described in General Procedure I afforded 58 mg (73%) of n-hexyl 
ether II{3} as a clear, viscous oil. 
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Data for II{3}: 
 1
H-NMR: (500 MHz, CDCl3) 
4.30 (dd, J = 7.8, 15.4, 1 H, C(1)), 3.44 (dd, J = 6.4, 10.9, 1 H, HC(2)), 3.39 
(dt, J = 2.3, 6.6, 2 H, HC(9)), 3.26 (ddd, J = 2.7, 6.7, 11.9, 1 H, HC(4)), 3.15 
(dt, J = 6.6, 11.7, 1 H, HC(4)), 3.03 (dd, J = 8.9, 11.5, 1 H, HC(2)), 2.45–2.35 
(m, 1 H, HC(6 or 7)), 2.05–1.98 (m, 1 H, HC(7a)), 1.97–1.89 (m, 1 H, 
HC(5a)), 1.85–1.76 (m, 1 H, HC(6 or 7)), 1.56–1.50 (m, 4 H, (CH2)2), 1.48 (s, 
3 H, H3C(8)), 1.34–1.25 (m,  8 H, (CH2)4), 0.88 (t, J = 6.9, 3 H, H3C(14)), 
0.8–2.5 (br, 3 H, (H3B)
613
) 
 13
C-NMR: (126 MHz, CDCl3) 
87.6 (C(7b)), 76.6 (C(1)), 70.2 (C(2)), 64.2 (C(7a)), 63.1 (C(4)), 53.6 (C(9)), 
53.1 (C(5a)), 32.0 (C(6)), 31.6 (C(10)), 29.8 (C(11)), 27.9 (C(5)), 26.4 (C(7)), 
25.8 (C(12 or 13)), 25.3 (C(8)), 22.5 (C(12 or 13)), 13.9 (C(14)) 
 IR: (NaCl plate, film) 
2935 (m), 2933 (m), 2858 (m), 2379 (m), 2340 (m), 2283 (m), 1163 (m) 
 MS: (ESI, Q-tof) 
264 (25), 251 (15), 236 (100), 180 (21), 166 (64), 150 (22), 110 (25), 96 (69), 
84 (29), 55 (19) 
 Mol. Formula: C16H32BNO (265.24) 
 HRMS: C16H32BNO: (265.2499) 
  Calcd:  264.2499 
  Found:  264.2499 
 TLC: Rf  0.62  (hexanes/EtOAc, 3:1) [I2, CAM] 
225 
Preparation of (1S,3S,5aS,7aS,7bR) Octahydro-1-(methoxyethoxymethoxy)-7b-methyl-2H 
cyclopenta[gh]pyrrolizine•Borane (II{4}) [NDG-XII-83-c1f1] 
 
Following General Procedure I, a two-necked, 25-mL, round-bottomed flask equipped 
with a nitrogen inlet adapter, a rubber septum and a magnetic stir bar was added sequentially 
alcohol 1a (54.3 mg, 0.30 mmol), dimethylformamide (3.0 mL, ~0.1 M), then sodium hydride 
(9.1 mg, 0.36 mmol, 1.2 equiv) at 0 
o
C.  After 15 min, freshly distilled methoxyethoxymethyl 
chloride was added (57 μL, 0.50 mmol, 1.7 equiv) via syringe.  The solution was stirred for 2 h 
then quenched onto ice water (20 mL).  Extraction and purification by silica gel column 
chromatography as described in General Procedure I afforded 70.3 mg (87%) of ether II{4} as a 
clear, viscous oil. 
Data for II{4}: 
 1
H-NMR: (500 MHz, CDCl3) 
4.70 (m, 2 H, H2C(9)), 4.57 (dd, J = 8.1, = 15.5, 1 H, HC(1)), 3.68 (ddt, J = 
5.1, 10.9, 16.2, 2 H, H2C(10)), 3.55 (ddd, J = 1.5, 3.9, 5.4, 2 H, HC(11)), 3.50 
(dd, J = 6.5, 11.1, 1 H, HC(2)), 3.40 (s, 3 H, HC(12)), 3.26 (ddd, J = 2.7, 6.8, 
J = 12.3, 1 H, HC(4)), 3.16 (m, 1 H, HC(4)), 3.08 (m, 1 H, HC(2)), 2.44 (dd, J 
= 8.1, 16.1, 2 H, HC(7a), HC(5a)), 2.39 (m, 2 H, HC(7), HC(6)), 2.03 (m, 1 
H, HC(6)), 1.93 (m, 1 H, HC(5)), 1.81 (m, 1 H, HC(7)), 1.75 (m, 1 H, HC(5)), 
1.66 (m, 3 H, HC(8)), 0.8–2.5 (br, 3 H, (H3B)
613
) 
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 13
C-NMR: (126 MHz, CDCl3) 
95.3 (C(9)), 87.4 (C(7b)), 74.9 (C(1)), 71.7 (C(10)), 67.4 (C(11)), 64.5 (C(2)), 
63.1 (C(4)), 59.1 (C(12)), 53.9 (C(7a)), 53.1 (C(5a)), 31.9 (C(5)), 28.0 (C(7)), 
26.9 (C(6)), 25.1 (C(8)) 
 IR: (CDCl3, film) 
3019 (m), 2399 (w), 1734 (w), 1700 (w), 1653 (m), 1215 (s), 758 (s), 669 (m) 
 MS: (ESI, Q-tof) 
268 (41), 240 (65), 224 (47), 196 (67), 166 (96), 150 (64), 149 (88), 96 (93), 
89 (87), 59 (100) 
 Mol. Formula: C14H28BNO3 (269.10) 
 HRMS: C14H27BNO3: (268.2084) 
  Calcd: 268.2084 
  Found: 268.2084 
 TLC: Rf  0.18  (hexanes/TBME, 9:1 [I2, CAM] 
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Preparation of (1S,3S,5aS,7aS,7bR) Octahydro-1-(2-pyridyloxy)-7b-methyl-
2Hcyclopenta[gh]pyrrolizine•Borane (II{5}) [NDG-XII-82-c1f1] 
 
Following General Procedure I, a two-necked, 25-mL, round-bottomed flask equipped 
with a nitrogen inlet adapter, a rubber septum and a magnetic stir bar was added sequentially 
alcohol 1a (54 mg, 0.3 mmol), dimethylformamide (3.0 mL, ~0.1 M), then sodium hydride (9.1 
mg, 0.36 mmol, 1.2 equiv) at 0 
o
C.  After 15 min, 2-fluropyridine (26 μL, 0.36mmol, 1.2 equiv) 
was added via syringe.  The solution was stirred for 2 h then quenched onto ice water (20 mL).  
Extraction and purification by silica gel column chromatography as described in General 
Procedure I afforded 73 mg (95%) of ether II{5} as a clear, viscous oil. 
Data for II{5}: 
 1
H-NMR: (500 MHz, CDCl3) 
8.14 (dd, J = 1.7, 5.0, 1 H, HC(13)), 7.56 (m, 1 H, HC(11)), 6.88 (dd, J = 5.2, 
6.4, 1 H, HC(12)), 6.70 (d, J = 8.3, 1 H, HC(10)), 5.69 (dd, J = 7.8, 14.9, 1 H, 
HC(1)), 3.73 (dd, J = 6.8, 11.7, 1 H, HC(2)), 3.41 (ddd, J = 4.5, 6.8, 11.6, 1 
H, HC(4)), 3.29 (m, 2 H, HC(2), HC(4)), 2.81 (q, J = 7.7, 1 H, HC(5a)), 2.44 
(m, 1 H, HC(7a)), 2.16 (227et, J = 4.5, 6.9, 8.9, 13.4, 1 H, HC(6)), 1.89 (m, 3 
H, HC(7), HC(6), HC(5)), 1.70 (ddt, J = 5.4, 8.8, 10.5, 2 H, HC(7), HC(5)),  
1.56 (s, 3 H, HC(8)), 0.8–2.5 (br, 3 H, (H3B)
613
) 
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 13
C-NMR: (126 MHz, CDCl3) 
162.6 (C(9)), 147.0 (C(13)), 138.7 (C(11)), 117.1 (C(12)), 110.8 (C(10)), 88.0 
(C(7b)), 72.9 (C(1)), 65.0 (C(2)), 63.4 (C(4)), 54.0 (C(7a)), 52.8 (C(5a)), 33.1 
(C(5)), 28.5 (C(6)), 27.3 (C(7)), 25.1 (C(8)) 
 IR: (CDCl3, film) 
3149 (w), 2971 (w), 2382 (w), 2253 (s), 1793 (w), 1470 (m), 1433 (w), 1382 
(m), 1096 (m) 
 MS: (EI, 70eV) 
257 (21), 149 (100), 134 (39), 120 (15), 108 (17), 96 (19), 78 (13), 55 (18) 
 Mol. Formula: C15H23BN2O (258.17) 
 HRMS: C15H21N2O (245.1654) 
  Calcd:  245.1654 
  Found:  245.1649 
 TLC: Rf  0.20  (hexanse/TBMS, 93/7) [I2, CAM] 
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 Preparation of AminoBorane Intermediates III{2-5}.   
Preparation of (1R,3S,5aS,7aS,7bR) Octahydro-1-benzyloxy-7b-methyl-2Hcyclopenta[gh] 
pyrrolizine •Borane (III{2}) [NDG5-49, NDG14-15] 
 
Following General Procedure I, a two-necked, 25-mL, round-bottomed flask equipped 
with a nitrogen inlet adapter, a rubber septum and a magnetic stir bar was added sequentially 
alcohol 1b (25 mg, 0.14 mmol), dimethylformamide (1.5 mL, ~0.1 M), then sodium hydride (4 
mg, 0.17 mmol, 1.2 equiv) at 0 
oC.  After 15 min, benzyl bromide (20 μL, 0.17 mmol, 1.2 equiv) 
was added via syringe.  The solution was stirred for 2 h then quenched onto ice water (20 mL).  
Extraction and purification by silica gel column chromatography as described in General 
Procedure I afforded 35 mg (95%) of benzyl ether III{2} as a clear, viscous oil. 
Data for III{2}: 
 1
H-NMR: (500 MHz, CDCl3) 
7.33 (m, 5 H, HC(11), HC(12), HC(13)), 4.50 (dd, 2 H, J = 3.4, 11.7, H2C(9)), 
3.88 (ddd, 1 H, J = 5.9, 5.9, 8.3, HC(1)), 3.46 (dd, 1 H, J = 6.1, 12.8, HC(2)), 
3.40 (m, 1 H, HC(4)), 3.35 (dd, 1 H, J = 8.5, 12.7, HC(2)), 2.99 (ddd, 1 H, J = 
6.6, 10.3, 10.3, HC(4)), 2.37-2.27 (m, 2 H, HC(7a)), HC(6)), 1.98-1.676 (m, 3 
H, HC(7), HC(6)), HC(5)), 1.56 (s, 3 H, H3C(8)), 1.55-1.40 (m, 3 H, HC(7)), 
HC(6), HC(5)), 0.8-2.5 (br, 3 H, (H3B)
3
) 
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 13
C-NMR: (126 MHz, CDCl3) 
137.6 (C(10)), 128.5 (C(12)), 127.9 (C(13)), 127.6 (C(11)), 86.8 (C(7b)), 80.0 
(C(1)), 72.0 (C(9)), 66.6 (C(2)), 64.2 (C(4)), 58.9 (C(7a)), 51.3 (C(5a)), 33.2 
(C(5)), 31.0 (C(7)), 29.1 (C(6)), 24.8 (C(8)) 
 IR: (CDCl3, film) 
3019 (s), 2971 (m), 2858 (w), 2400 (m), 2361 (w), 269 (w), 1602 (w), 1524 
(m), 1475 (w), 1421 (m), 1215 (s), 928 (m), 756 (s), 669 (s) 
 MS: (ESI, Q-tof) 
Mol. Formula:  C17H24NO (258.38) 
 HRMS: C17H24NO (258.1858) 
  Calcd: 258.1858 
  Found: 258.1864 
 TLC: Rf  0.45  (hexanes/EtOAc) 
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Preparation of (1R,3S,5aS,7aS,7bR) Octahydro-1-hexyloxy-7b-methyl-2Hcyclopenta[gh]  
pyrrolizine•Borane (III{3}) 
 
Following General Procedure I, a two-necked, 25-mL, round-bottomed flask equipped 
with a nitrogen inlet adapter, a rubber septum and a magnetic stir bar was added sequentially 
alcohol 1b (40 mg, 0.20 mmol), dimethylformamide (2 mL, ~0.1 M), then sodium hydride (15 
mg, 0.6 mmol, 3.0 equiv) at 0 
o
C.  After 15 min, 1-bromohexane (84 μL, 0.6 mmol, 3.0 equiv) 
was added via syringe.  The solution was stirred for 2 h then quenched onto ice water (20 mL).  
Extraction and purification by silica gel column chromatography as described in General 
Procedure I afforded 40 mg (84%) of n-hexylyl ether III{3} as a clear, viscous oil. 
Data for III{3}: 
 1
H-NMR: (500 MHz, CDCl3) 
3.76 (td, J = 6.0, 8.9, 1 H, HC(1)), 3.47 (dd, J = 6.1, 12.7, 1 H, HC(2)), 3.43-
3.34 (m, 3 H, HC(4), H2C(9)), 3.23 (dd, J = 8.9, 12.7, 1 H, HC(4)), 3.01 (m, 1 
H, HC(2)), 2.36-2.27 (m, 2 H, HC(6), HC(7)), 2.23 (dd, J = 6.0, 11.8, 1 H, 
HC(7a)), 2.01-1.86 (m, 2 H, HC(5a), HC(5)), 1.77-1.71 (m, 2 H, (CH2)), 1.54 
(s, 3 H, HC(8)), 1.28 (m, 9 H, (CH2)), 0.88 (t, 3 H, J = 7.0, HC(14)), 0.8-2.5 
(br, 3 H, (H3B)
3
) 
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 13
C-NMR: (126 MHz, CDCl3) 
86.7 (C(7b)), 80.4 (C(1)), 70.4 (C(2)), 66.8 (C(7a)), 64.1 (C(4)), 58.9 (C(9)), 
51.2 (C(5a)), 33.2 (C(6)), 31.6 (C(10)), 31.1 (C(11)), 29.8 (C(5)), 29.1 (C(7)), 
25.7 (C(12 or 13)), 24.8 (C(8)), 22.5 (C(12 or 13)), 14.0 (C(14)) 
 IR: (CDCl3, film) 
2964 (m), 2950 (s), 2930 (s), 2858 (m), 2361 (s), 2341 (s), 262 (m), 1654 (w), 
1631 (w), 1475  (w), 1457 (w), 1378 (w), 1365 (w), 163 (w), 1126 (w), 1092 
(w) 
 MS: (ESI, Q-tof) 
 264 (83), 252 (100), 179 (12) 
Mol. Formula:  C16H32BNO 265.24 
 HRMS: C16H31BNO (265.2577) 
  Calcd: 264.2499 
  Found: 264.2487 
 TLC: Rf  0.67  (hexanes/EtOAc, 3:1) [I2] 
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Preparation of (1R,3S,5aS,7aS,7bR) Octahydro-1-(methoxyethoxymethoxy)-7b-methyl-2H 
cyclopenta[gh]pyrrolizine•Borane (III{4}) 
 
Following General Procedure I, a two-necked, 25-mL, round-bottomed flask equipped 
with a nitrogen inlet adapter, a rubber septum and a magnetic stir bar was added sequentially 
alcohol 1b (200 mg, 1.1 mmol), dimethylformamide (3.6 mL, ~0.3 M), then sodium hydride (32 
mg, 1.32 mmol, 1.2 equiv) at 0 
o
C.  After 15 min, methoxyethoxylmethyl chloride (151 μL, 1.32 
mmol, 1.2 equiv) was added via syringe.  The solution was stirred for 2 h then quenched onto ice 
water (20 mL).  Extraction and purification by silica gel column chromatography as described in 
General Procedure I afforded 127 mg (43%) of methoxyethoxymethyl ether III{4} as a clear, 
viscous oil. 
 
Data for III{4}: 
 1
H-NMR: (500 MHz, CDCl3) 
4.81 (m, 2 H, HC(9), HC(1)), 4.73 (ddd, J = 7.1, 7.1, 7.1, 1 H, HC(9)), 3.98 
(m, 1 H, HC(2)), 3.71 (m, 2 H, H2C(10)), 3.56 (dd, J = 3.7, 5.6, 1 H, 
H2C(11)), 3.39 (s, 3 H, HC(12)), 3.03 (m, 2 H, HC(7a), HC(5a)), 2.96 (m, 1 
H, HC(4)), 2.70 (ddd, 1 H, J = 6.2, 11.1, 11.0, HC(2)), 2.12 (m, 2 H, HC(4), 
HC(5)), 1.83 (m, 3 H, HC(5), HC(6), HC(7)), 1.51 (m, 1 H, HC(6)), 1.40 (m, 
1 H, HC(7)), 1.31 (s, 3 H, HC(8)) 
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 13
C-NMR: (126 MHz, CDCl3) 
94.3 (C(11)), 92.1 (C(11)), 90.7 (C(11)), 82.5 (C(9)), 82.0 (C(9)), 71.7 (C(2)), 
67.4 (C(12)), 66.8 (C(13)), 59.0 (C(1)), 57.7 (C(14)), 56.6 (C(8)), 53.5 (C(3)), 
51.5 (C(6)), 31.4 (C(7)), 30.6 (C(5)), 30.4 (C(4)), 27.6 (C(10)) 
 IR: (NaCl plate, film) 
2932 (s), 2879 (m), 2366 (s), 2331 (s), 2276 (m), 1653 (w), 1478 (m), 1452 
(m), 1379 (m), 1162 (s), 1121 (s), 1097 (s), 1051 (s), 989 (m), 934 (w), 849 
(m), 796 (w), 668 (w) 
 
 MS: (ESI, Q-tof) 
256 (100), 257 (16) 
 Mol. Formula: C14H25NO3 255.18 
 HRMS: C14H26NO3 (256.1913) 
  Calcd 256.1913 
  Found: 256.1903 
 TLC: Rf  0.35  (CH2Cl2/MeOH, 9/1) [I2] 
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Preparation of (1R,3S,5aS,7aS,7bR) Octahydro-1-(2-pyridyloxy)-7b-methyl-
2Hcyclopenta[gh]pyrrolizine•Borane (III{5}) 
 
Following General Procedure I, a two-necked, 25-mL, round-bottomed flask equipped 
with a nitrogen inlet adapter, a rubber septum and a magnetic stir bar was added sequentially 
alcohol 1b (25 mg, 0.14 mmol), dimethylformamide (1.5 mL, ~0.1 M), then sodium hydride (4 
mg, 0.17 mmol, 1.2 equiv) at 0 
o
C.  After 15 min, 2-fluoropyridine (7.4 μL, 0.17 mmol, 1.2 
equiv) was added via syringe.  The solution was stirred for 2 h then quenched onto ice water (20 
mL).  Extraction and purification by silica gel column chromatography as described in General 
Procedure I afforded 33 mg (93%) of 2-pyridyl ether III{5} as a clear, viscous oil. 
 
Data for III{5}: 
 1
H-NMR: (500 MHz, CDCl3) 
8.09 (ddd, J = 0.6, 1.9, 5.0, 1 H, HC(13)), 7.56 (ddd, J = 2.0, 7.1, 8.4, 1 H, 
HC(11)), 6.86 (ddd, J = 0.8, 5.1, 7.0, 1 H, HC(12)), 6.74 (d, J = 8.3, 1 H, 
HC(10)), 5.27 (ddd, J = 5.9, 7.5, 7.3, 1 H, HC(1)), 3.80 (dd, J = 6.2, 13.0, 1 
H, C(2)), 3.47 (ddd, J = 4.2, 7.3, 11.4, 1 H, HC(4)), 3.38 (dd, J = 7.7, 12.9, 1 
H, HC(2)), 3.22 (ddd, J = 6.7, 3.7, 10.7, 1 H, HC(4)), 2.49 (dd, J = 5.3, 12.6, 
1 H, HC(7a)), 2.40–2.29 (m, 1 H, HC(5a), HC(5 or 6)), 2.04–1.85 (m, 1 H, 
HC(5 or 6), HC(7))), 1.69–1.51 (m, 3 H, HC(6), HC(7), HC(5)), 1.61 (s, 3 H, 
H3C(8)), 0.8–2.5 (br, 3 H, (H3B)
3
) 
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 13
C-NMR: (126 MHz, CDCl3) 
162.8 (C(9)), 146.6 (C(13)), 138.7  (C(11)), 117.1 (C(12)), 111.5 (C(10)), 86.6 
(C(7b)), 75.9 (C(1)), 66.9 (C(2)), 64.6 (C(4)), 58.3 (C(7a)), 51.6 (C(5a)), 33.1 
(C(5)), 30.9 (C(6)), 29.2 (C(7)), 24.8 (C(8)) 
 IR: (NaCl plate, film) 
2953 (s), 2864 (m), 2374 (m), 2330 (m), 2277 (m), 1598 (s), 1570 (s), 1470 
(s), 1433 (s), 1371 (m), 1307 m), 1272 (s), 1252 (m), 1163 (m), 142 (w), 1097 
(w), 1049 (w), 1014 (w) 
 MS: (ESI, Q-tof) 
257 (8), 255 (16), 246 (25), 245 (100), 162 (12), 150 (31) 
 Mol. Formula: C15H23BN2O (258.17) 
 HRMS: C15H23BN2O 257.1825 
  Calcd: 257.1825 
  Found: 257.1815 
 TLC: Rf  0.55  (hexanes/EtOAc, 3:1) [I2] 
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6.4.6. Variable Group R4:  Deborylation and N-Quaternization 
6.4.6.1. Parallel Synthesis Step II-III: General Procedure (II) 
 
A solution of borane adduct X (XX mg, XX mmol) in CH3OH (0.03 M) was transferred 
to a 250-mL, round-bottomed, flask fitted with a reflux condenser, a magnetic stir-bar, and a 
nitrogen inlet adapter with a rubber septum.  Lastly, 1.0 M aq. HCl solution (x.x mL, 5.0 equiv) 
was added via syringe. The resulting clear solution was immersed in an oil bath (preheated, 60 
o
C) and stirred for 12 h. The mixture was allowed to cool to room temperature and was 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) whereupon a 0.1 M aq. NaOH 
solution (xx.x mL, 6.0 equiv) was added.  The resulting solution was tested to assure basicity by 
pH paper (typically pH ~11-14). The basic solution was extracted with Et2O (3 x 100 mL) and 
the combined extracts were dried (K2CO3).  The resulting floculant suspension was filtered 
(cotton plug), and concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) to furnish the crude 
intermediate amine as a pale-yellow oil.  The amine was dissolved in acetonitrile (0.2 M) and 
distributed among five 20-mL test tubes fitted in a Büchi SynCore reactor (Figure X) which were 
then evacuated and backfilled with N2.  An alkyl bromide (x.x mL, x.x mmol, 1.2 equiv) was 
added to each test tube via syringe (the solid bromides were added as solids) and the reactor was 
set to agitate at 200 rpm.  After 12 h, the individual reaction mixtures were concentrated by 
rotary evaporation (15 mm Hg, 20-25
o
C).  Each salt was purified by silica gel plug filtration (1.8 
cm x 5 cm, CH2Cl2/EtOAc, 1:1 (50 mL), then CH2Cl2/methanol 49:1, 24:1, 9:1 (50 mL each) 
afforded the product ammonium salts as a clear, sticky residues.  The residues were triturated 
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with Et2O (~10 mL) in a 20-mL scintillation vial to free flowing solids which were then 
concentrated by rotary evaporation (15 mm Hg, 20-25
o
C).  The resulting solids were dried under 
vacuum (0.1 mm Hg, 20-25 
o
C) for 12 h to afford the final quaternary ammonium bromides X{x} 
as free flowing powers. 
Preparation of Quaternary Ammonium Bromides I{1-6}: 
 
Following General Procedure II, amino borane 16 (785 mg, 4.8 mmol) was added to a 
250-mL, round-bottomed flask as a solution in 150 mL of MeOH (~0.03 M).  The flask was 
fitted with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 M aq. 
HCl solution (24 mL, 5.0 equiv) was added via syringe.  The resulting solution was heated and 
then concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure 
(II.  The resulting free amine was dissolved in acetonitrile and was distributed among six test 
tubes that were subsequently charged with benzyl bromide (tube 1, 114 µL, 0.96 mmol, 1.2 
equiv), 1-bromomethylnaphthalene (tube 2, 212 mg, 0.96 mmol, 1.2 equiv), 2-
bromomethylnaphthalene (tube 3, 212 mg, 0.96 mmol, 1.2 equiv), 9-bromomethylanthracene 
(tube 4, 260 mg, 0.96 mmol, 1.2 equiv), 3,5-(bistrifluoromethyl)benzyl bromide (tube 5, 176 µL, 
0.96 mmol, 1.2 equiv), 1-bromohexane (tube 6, 140 µL, 0.96 mmol, 1.2 equiv).  After being 
agitated for 12 h, the reaction mixtures were worked up and the products isolated and purified as 
described in General Procedure (II. 
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Preparation of rel-(5aS,7aR)-3-Benzyloctahydrocyclopenta[gh]pyrrolizinium Bromide 
(I{1}) [NDG-10-63-B] 
 
 Data for I{1}: 
 Yield: 223 mg (84%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
7.74 (m, 2 H), 7.42 (m, 3 H), 4.82 (s, 2 H), 4.36 (m, 2 H), 3.13 (m, 2 H), 2.80 
(t, J = 8.5, 2 H), 2.50 (qd, J = 7.2, 14.6, 2 H,), 2.05-1.96 (m, 2 H) 2.01 (s, 3 
H), 1.79 (dt, J = 6.3, 13.0, 2 H), 1.70 (m, 2 H) 
 13
C-NMR: (126 MHz, CDCl3) 
134.6 (C(13)), 132.4 (C(15)), 132.1 (C(12)), 131.2 (C(14)), 99.7 (C(9)), 62.2 
(C(11 or 1)), 61.5 (C(11 or 1)), 53.4 (C(3)), 33.1 (C(2 or 4)), 29.3 (C(2 or 4)), 
23.6 (C(10)) 
 MS: (ESI, Q-tof) 
  242 (100) 
 Mol. Formula: C17H24BrN (322.28) 
 HRMS: C17H24N: (242.1909) 
Calcd: 242.1909 
Found: 242.1906 
 TLC: Rf  0.21  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(5aS,7aR)-3-(1-Naphthylmethyl)octahydrocyclopenta[gh]pyrrolizinium  
Bromide (I{2}) [NDG-10-63-C] 
 
 Data for I{2}: 
 Yield: 267 mg (90%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.34 (d, J = 7.2, 1 H), 8.11 (d, J = 8.6, 1 H), 7.91 (dd, J = 3.8, 8.1, 2 H), 7.64 
(t, J = 7.7, 1 H), 7.53 (dd, J = 7.4, 17.9, 2 H), 5.29 (s, 2 H), 4.38 (m, 2 H), 
3.08 (m, 2 H), 2.91 (m, 2 H), 2.58 (dt, J = 7.3, 14.6, 2 H), 2.22 (s, 3 H), 2.03 
(m, 2 H), 1.77 (dt, J = 6.3, 12.6, 2 H), 1.69 (td, J = 7.9, 11.4, 2 H) 
 MS: (ESI, Q-tof) 
293 (24), 292 (100) 
 Mol. Formula: C21H26BrN (372.34) 
 HRMS: C21H26N: (292.2065) 
Calcd: 292.2065 
Found: 292.2056 
 TLC: Rf  0.27  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(5aS,7aR)-3-(2-Naphthylmethyl)octahydrocyclopenta[gh]pyrrolizinium 
Bromide (I{3}) [NDG-10-63-D] 
 
 Data for I{3}: 
 Yield: 243 mg (82%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.19 (s, 1 H), 7.87 (m, 1 H), 7.75 (td, J = 5.4, 11.5, 3 H,), 7.49 (m, 2 H), 5.05 
(s, 2 H), 4.39 (td, J = 6.5, 12.7, 2 H), 3.09 (m, 2 H), 2.82 (s, 2 H), 2.58 (dt, J = 
7.1, 14.6, 2 H), 2.08 (s, 3 H), 2.00 (m, 2 H), 1.76 (dt, J = 6.0, 12.6, 2 H), 1.68 
(m, 2 H) 
 MS: (ESI, Q-tof) 
293 (22), 292 (100) 
 Mol. Formula: C21H26BrN (372.34) 
 HRMS: C21H26N
+
: (292.2065) 
Calcd: 292.2065 
Found: 292.2055 
 TLC: Rf  0.26  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(5aS,7aR)-3-(9-Anthrylmethyl)-Octahydro-cyclopenta[gh]pyrrolizinium 
Bromide (I{4}) [NDG-10-63-E] 
 
 Data for I{4}: 
 Yield: 265 mg (77%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.68 (d, 2 H, J = 9.0), 8.47 (s, 1 H), 7.96 (d, 2 H, J = 7.7), 7.68 (m, 2 H), 7.48 
(t, 2 H, J = 7.1), 5.72 (s, 2 H), 4.00 (m, 2 H), 3.01 (s, 2 H), 2.75 (m, 2 H), 2.64 
(dt, 2 H, J = 7.3, J = 14.6), 2.40 (s, 3 H), 1.99 (m, 2 H), 1.66 (m, 6H) 
 MS: (ESI, Q-tof) 
343.2 (27), 342 (98), 192 (13), 191 (100). 
Mol.  Formula: C25H28BrN (422.40) 
 HRMS: C25H28N
+
: (342.222) 
Calcd: 342.2222 
Found: 342.2216 
 TLC: Rf  0.31  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of Preparation of rel-(5aS,7aR)-3-(3,5-Bistrifluoromethylbenzyl)octahydro-
cyclopenta[gh]pyrrolizinium Bromide (I{5}) [NDG-10-63-F] 
 
 
 Data for I{5}: 
 Yield: 120 mg (86%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.40 (s, 2 H), 7.94 (s, 1 H), 5.31 (s, 2 H), 4.27 (ddd, J = 6.7, 12.3, 18.3, 2 H,), 
3.11 (ddd, J = 6.4, 12.0, 12.0, 2 H,), 2.81 (s (broad), 1 H), 2.61 (ddd, J = 6.7, 
13.9, 14.1, 2 H), 2.07 (s, 3 H, H3C(10)), 2.02 (dd, J = 7.6, 12.8, 2 H), 1.83 
(dd, J = 6.3, 13.3, 2 H), 1.71 (dd, J = 8.5, 16.7, 2 H,) 
 MS: (ESI, Q-tof) 
379 (23), 378 (100) 
 Mol. Formula: C19H22BrF6N (458.28) 
 HRMS: C19H22F6N
+
: (378.1656) 
Calcd: 378.1656 
Found: 378.1659 
 TLC: Rf  0.30  (CH2Cl2/MeOH, 9:1) [I2] 
244 
Preparation of rel-(5aS,7aR)-3-Hexyloctahydrocyclopenta[gh]pyrrolizinium Bromide 
(I{6}) [NDG-10-63-A] 
 
 Data for I{6}: 
 Yield: 180 mg (72%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
3.95 (td, J = 7.1, J = 12.4, 2 H), 3.83 (m, 2 H), 3.38 (m, 2 H), 2.63 (m, 2 H), 
2.33 (qd, J = 7.2, J = 14.8, 2 H), 1.96 (m, 4 H), 1.81 (m, 4 H), 1.73 (s, 3 H), 
1.44 (m, 2 H), 1.33 (m, 4 H), 0.89 (t, J = 7.0, 3 H) 
 MS: (ESI, Q-tof) 
237 (26), 236 (100) 
 Mol. Formula: C16H30BrN (316.32) 
 HRMS: C16H30N
+
: (236.2378) 
Calcd: 236.2378 
Found: 236.2370 
 TLC: Rf  0.35  (CH2Cl2/MeOH, 9:1) [I2] 
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6.4.7. Preparation of Quaternary Ammonium Bromides II{1-5,1-6} 
 
Following General Procedure (II, amino borane 1 (488.9 mg, 2.7 mmol) was added to a 
250-mL, round-bottomed flask as a solution in 150 mL of MeOH (~0.03 M).  The flask was 
fitted with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 M aq. 
HCl solution (24 mL, 5.0 equiv) was added via syringe.  The resulting solution was heated and 
then concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure 
(II.  The resulting free amine was dissolved in acetonitrile and was distributed among six test 
tubes that were subsequently charged with benzyl bromide (tube 1, 108 µL, 0.9 mmol, 2.0 
equiv), 1-bromomethylnaphthalene (tube 2, 199 mg, 0.9 mmol, 2.0 equiv), 2-
bromomethylnaphthalene (tube 3, 199 mg, 0.9 mmol, 2.0 equiv), 9-bromomethylanthracene 
(tube 4, 244 mg, 0.9 mmol, 2.0 equiv), 3,5-(bistrifluoromethyl)benzyl bromide (tube 5, 93 µL, 
0.9 mmol, 2.0 equiv), 1-bromohexane (tube 6, 130 µL, 0.9 mmol, 2.0 equiv).  After being 
agitated for 12 h, the reaction mixtures were worked up and the products isolated and purified as 
described in General Procedure (II. 
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Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-hydroxy-3-benzyl-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (II{1,1}) [NDG-XI-84-A] 
 
Data for II{1,1}: 
 Yield: 109 mg (72%), free-flowing white powder 
 1
H-NMR: (500 MHz, CD3OD) 
7.54 (m, 1 H), 4.72 (dd, J = 6.0, 13.6, 1 H), 4.47 (q, J = 12.8, 2 H), 3.85 (dd, J 
= 5.9, 12.7, 1 H), 3.74 (m, 2 H), 3.22 (dd, J = 5.9, 12.7, 1 H), 2.72 (ddd, J = 
6.4, 11.2, 13.1, 1 H), 2.43 (dt, J = 7.4, 14.9, 1 H), 2.16 (m, 1 H), 2.05 (m, 1 
H), 1.88 (m, 4 H), 1.77 (s, 3 H, Me) 
 MS: (ESI, Q-tof) 
259 (27), 258 (100), 221 (40), 187 (49) 
Mol.  Formula: C17H24BrNO (338.28) 
 HRMS: C17H24NO
 
: (258.1852) 
Calcd: 258.1858 
Found: 258.1862 
 TLC: Rf  0.08  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-hydroxy-3-(1-naphthylmethyl)-7b-
methyl-cyclopenta[gh]pyrrolizinium Bromide (II{1,2}) [NDG-XI-84-B] 
 
Data for II{1,2}: 
 Yield: 103 mg (59%), free-flowing white powder 
 1
H-NMR: (500 MHz, CD3OD) 
8.30 (d, J = 8.6, 1 H), 8.11 (d, J = 8.3, 1 H), 8.04 (d, J = 7.8, 1 H), 7.86 (s, 1 
H), 7.73 (s, 1 H), 7.63 (dd, J = 8.6, J = 8.0, 2 H), 5.00 (s, 1 H), 4.86 (m, 1 H), 
3.81 (dd, J = 5.9, 12.7, 1 H), 3.73 (t, 1 H, J = 6.8), 3.18 (s, 1 H), 2.81 (m, 2 
H), 2.52 (dt, J = 6.8, 14.8, 1 H), 2.10 (m, 2 H), 1.92 (s, 3 H), 1.87 (m, 3 H) 
 MS: (ESI, Q-tof) 
309 (2), 308 (100), 221(32), 187 (47) 
 Mol. Formula: C21H26BrNO (388.34) 
 HRMS: C21H26NO
 
: (308.2014) 
Calcd: 308.2014 
Found: 308.2026 
 TLC: Rf  0.10  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-hydroxy-3-(2-naphthalmethyl)-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (II{1,3}) [NDG-XI-84-C] 
 
Data for II{1,3}: 
 Yield: 96 mg (56%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.12 (s, 1 H), 8.04 (s, 1 H), 8.02 (s, 1 H), 7.97 (m, 2 H), 7.62 (m, 3 H), 4.78 (s, 
1 H), 4.64 (s, 1 H), 3.95 (s, 1 H), 3.81 (m, 2 H), 3.26 (dd, J = 6.1, 12.7, 1 H), 
2.76 (ddd, J = 6.7, 10.9, 13.1, 2 H), 2.48 (s, 1 H)   2.12 (s, 1 H), 1.90 (m, 3 H), 
1.82 (s, 3 H) 
 MS: (ESI, Q-tof) 
309 (26), 308 (100), 221 (32), 187 (63) 
 Mol.  Formula: C21H26BrNO (388.34) 
 HRMS: C21H26NO
 
: (308.2014) 
Calcd: 308.2014 
Found: 308.2017 
 TLC: Rf  0.09  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-hydroxyl-3-(9-anthrylmethyl)-
cyclopenta[gh]pyrrolizinium Bromide (II{1,4}) [NDG-XI-84-D] 
 
Data for II{1,4}: 
 Yield: 107 mg (54%), free-flowing yellow powder 
 1
H-NMR: (500 MHz, CD3OD) 
7.41 (s, 1 H), 7.13 (d, J = 9.0, 2 H), 6.80 (dd, J = 4.3, 8.4, 2 H), 6.34 (m, 2 H), 
6.21 (dd, J = 6.8, 14.7, 2 H), 2.35 (m, 2 H), 1.87 (m, 1 H), 1.46 (m, 2 H), 1.39 
(dd, J = 6.9, 12.8, 1 H), 1.07 (ddd, J = 7.1, 14.6, 14.5, 1 H), 0.72 (s, 3 H), 
0.65 (m, 2 H), 0.40 (m, 3 H) 
 MS: (ESI, Q-tof) 
360 (8), 359 (30), 358 (100), 192 (19), 191 (99) 
Mol.  Formula: C25H28BrNO  (438.40) 
 HRMS: C25H28NO:  (358.2171) 
Calcd:  358.2171 
Found:  358.2184 
 TLC: Rf  0.12  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(1S,3R,5aS,7aR,7bR) Octahydro-1-hydroxyl-3-(3,5-
bistrifluoromethylbenzyl)-cyclopenta[gh]pyrrolizinium Bromide (II{1,5}) [NDG-XI-84-E] 
 
 
Data for II{1,5}: 
 Yield: 125 mg (59%), free-flowing white powder 
 1
H-NMR: (500 MHz, CD3OD) 
8.25 (s, 2 H), 8.24 (s, 1 H), 4.76 (dd, J = 5.8, 13.5, 1 H), 4.68 (q, J = 13.0, 2 
H,), 3.84 (m, 1 H), 3.73 (td, J = 6.8, 13.3, 1 H), 2.77 (m, 1 H), 2.49 (dt, J = 
7.0, 14.4, 1 H), 2.18 (m, 1 H), 2.09 (td, J = 5.7, 12.8, 1 H), 1.93 (m, 1 H), 1.80 
(s, 3 H) 
 MS: (ESI, Q-tof) 
340 (17), 339 (83), 25 (31), 219 (68), 212 (100) 
 Mol. Formula: C19H22BrF6NO (474.28) 
 HRMS: C19H22BrF6NO: (394.1606) 
Calcd: 394.1606 
Found: 394.1606 
 TLC: Rf  0.13  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(1S,3R,5aS,7aR,7bR) Octahydro-1-hydroxyl-3-hexyl-cyclopenta[gh]  
pyrrolizinium Bromide (II{1,6}) [NDG-XI-84-F] 
 
Data for II{1,6}: 
 Yield: 89 mg (59%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
4.55 (q, J = 5.9, 1 H), 4.02 (dt, J = 12.1, 6.78, 1 H), 3.70 (dd, J = 5.9, 12.6, 1 
H), 3.58 (td, J = 7.1, 12.1, 1 H), 3.53 (dd, J = 5.7, 12.7, 1 H), 3.21 (m, 1 H) 
2.60 (m, 2 H), 2.27 (tdd, 1 H, J = 6.8, 8.6, 14.0), 2.14 (ddd, J = 5.8, 10.4, 
19.7, 1 H), 1.90 (m, 6 H), 1.59 (s, 3 H), 1.40 (m, 6H), 0.94 (t, J = 7.0, 3 H) 
 MS: (ESI, Q-tof) 
253 (20), 252 (100), 221 (24), 187 (71) 
 Mol. Formula: C16H30BrNO (332.32) 
 HRMS: C16H30NO
 
: (252.2327) 
Calcd:  252.2327 
Found:  252.2332 
 TLC: Rf  0.19  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of Quaternary Ammonium Bromides II{2,1-6} 
 
 Following General Procedure (II, amino borane II{2} (888 mg, 3.3 mmol) was added to a 
250-mL, round-bottomed flask as a solution in 150 mL of MeOH (~0.03 M).  The flask was 
fitted with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 M aq. 
HCl solution (24 mL, 5.0 equiv) was added via syringe.  The resulting solution was heated and 
then concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure 
(II.  The resulting free amine was dissolved in acetonitrile and was distributed among six test 
tubes that were subsequently charged with benzyl bromide (tube 1, 78 µL, 0.66 mmol, 1.2 
equiv), 1-bromomethylnaphthalene (tube 2, 145 mg, 0.66 mmol, 1.2 equiv), 2-
bromomethylnaphthalene (tube 3, 145 mg, 0.66 mmol, 1.2 equiv), 9-bromomethylanthracene 
(tube 4, 178 mg, 0.66 mmol, 1.2 equiv), 3,5-(bistrifluoromethyl)benzyl bromide (tube 5, 120 µL, 
0.66 mmol, 1.2 equiv), 1-bromohexane (tube 6, 92 µL, 0.66 mmol, 1.2 equiv).  After being 
agitated for 12 h, the reaction mixtures were worked up and the products isolated and purified as 
described in General Procedure (II. 
253 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-benzyloxy-3-Benzyl-7b-methyl- 
cyclopenta[gh]pyrrolizinium Bromide (II{2,1}) [ndg10-89a] 
 
Data for II{2,1}: 
 Yield: 205 mg (88%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
7.68 (m, 2 H),  7.43 (m, 3 H),  7.32 (m, 3 H),  7.25 (d, J = 6.3, 2 H), 5.01 (d, J 
= 12.5, 1 H), 4.93 (dd, J = 5.7, 12.9, 1 H), 4.63 (dd, J = 7.2, 9.8, 1 H), 4.50 
(m, 3 H),  4.02 (m, 1 H),  3.61 (ddd, J = 6.4, 9.3, 12.1, 1 H), 3.17 (dd, J = 3.9, 
12.7, 1 H), 3.05 (dd, J = 6.9, 14.2, 1 H), 2.76 (m, 1 H),  2.45 (dt, J = 8.6, 15.2, 
1 H), 2.17 (s, 3 H), 2.10 (m, 5 H), 1.84 (m, 1 H) 
 MS: (ESI) 
348 (100) 
 Mol. Formula: C24H30BrNO (428.41) 
 HRMS: C24H30NO
+
: (348.2327) 
Calcd:  348.2327 
Found:  348.2322 
 TLC: Rf  0.23  (CH2Cl2/MeOH, 9:1) [I2]
254 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-benzyloxy-3-(1-napthylmethyl)-7b-
methyl-cyclopenta[gh]pyrrolizinium Bromide (II{2,2}) [ndg10-89b] 
 
Data for II{2,2}: 
 Yield: 253 mg (97%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.23 (d, J = 7.1, 1 H), 8.20 (d, J = 8.5, 1 H), 7.83 (d, J = 8.2, 1 H), 7.79 (d, J 
= 8.1, 1 H), 7.59 (t, J = 7.7, 1 H), 7.49 (t, J = 7.5, 1 H), 7.36 (t, J = 7.6, 1 H), 
7.30-7.27 (m, 4 H, J = 1.8, 5.7), 7.17 (dd, J = 1.7, 7.5, 1 H), 5.33 (d, J = 13.1, 
1 H) 5.23 (d, J = 13.0, 1 H), 4.85 (dd, J = 5.4, 12.5, 1 H), 4.70 (m, 1 H), 4.45 
(d, J = 11.6, 1 H), 4.39 (d, J = 11.6, 1 H), 3.90 (td, J = 5.9, 11.7, 1 H), 3.54 
(ddd, J = 6.5, 9.5, 11.9, 1 H), 3.13 (m, 2 H), 2.90 (s, 1 H), 2.63 (dt, J = 8.6, 
15.5, 1 H), 2.26 (s, 3 H), 2.07 (m, 2 H), 1.88-1.72 (m, 3 H) 
 MS: ESI 
398 (100) 
 Mol. Formula: C28H32BrNO,  (478.46) 
 HRMS: C28H32NO
+
, (398.2484) 
Calcd:  398.2484 
Found:  398.2480 
 TLC: Rf  0.32  (CH2Cl2/MeOH, 1:9) [I2]
255 
Preparation of rel-(1S,3R,5aS,7aS,7bR)Octahydro-1-benzyloxy-3-(2-napthylmethyl)-7b-
methyl-cyclopenta[gh]pyrrolizinium Bromide (II{2,3}) [ndg10-89c] 
 
Data for II{2,3}: 
 Yield: 261 mg (100%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.16 (s, 1 H), 7.90-7.87 (m, 1 H), 7.72 (m, 3 H), 7.50 (m, 2 H), 7.30-7.21 (m, 
3 H) 7.22-7.20 (m, 2 H), 5.22 (d, J = 12.5, 1 H), 4.96 (dd, J = 5.8, 12.8, 1 H), 
4.79 (dd, J = 12.6, 24.6, 1 H), 4.68 (s(broad), 1 H,), 4.45 (s, 2 H), 4.05-4.01 
(m, 1 H), 3.63-3.57 (m, 1 H), 3.19 (dd, J = 3.8, 12.7, 1 H), 3.06 (t, J = 6.7, 1 
H), 2.80 (s(broad), 1 H), 2.54 (m(broad), 1 H), 2.12 (s, 3 H), 2.04 (m, 1 H)  
 Mol. Formula: C28H32BrNO (478.46) 
 HRMS: C28H32NO
+
,  (398.2484) 
Calcd:  398. 2484 
Found:  398. 2475 
 TLC: Rf  0.28  (CH2Cl2/MeOH, 9:1) [I2] 
256 
Preparation of rel-(1S,3R,5aS,7aS,7bR)Octahydro-1-benzyloxy-3-(9-anthrylmethyl)-7b-
methyl-cyclopenta[gh]pyrrolizinium Bromide (II{2,4}) [ndg10-89d] 
 
Data for II{2,4}: 
 Yield: 186 mg (64%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.88 (d, J = 9.1, 1 H), 8.51 (d, J = 9.5, 2 H), 8.00 (d, J = 8.3, 2 H), 7.75 (m, 1 
H), 7.66 (m, 1 H), 7.50 (m, 2 H), 7.24-7.21 (m, 3 H), 7.12-7.10 (m, 2 H), 5.77 
(d, J = 14.1, 1 H), 5.61 (d, J = 14.1, 1 H), 4.85 (dd, J = 5.4, 13.2, 1 H), 4.52 
(dd, J = 4.7, 11.9, 1 H), 4.42 (d, J = 11.6, 1 H), 4.31 (d, J = 11.5, 1 H), 3.81 
(td, J = 6.3, 12.5, 1 H), 3.35 (dd, J = 7.8, 14.5, 1 H), 3.30-3.24 (m, 1 H), 3.02 
(m, 1 H), 2.74 (dd, J = 4.7, 12.6, 1 H), 2.61 (dt, J = 8.3, 15.4, 2 H), 2.46 (s, 1 
H), 2.05 (m, 2 H), 1.90-1.61 (m, 4 H), 1.33-1.25 (m, 2 H) 
 MS: (ESI, Q-tof) 
449 (49), 448 (100), 354 (37), 191 (54) 
 Mol. Formula: C32H34BrNO (528.52) 
 HRMS: C32H34NO
+
, (448.2640) 
Calcd:  448.2640 
Found:  448.2628 
 TLC: Rf  0.35  (CH2Cl2/MeOH, 9:1) [I2]
257 
Preparation of rel-(1S,3R,5aS,7aS,7bR)Octahydro-1-benzyloxy-3-(3,5-
trifluoromethylbenzyl)-7b-methylcyclopenta[gh]pyrrolizinium Bromide (II{2,5}) [ndg10-
89e] 
 
Data for II{2,5}: 
 Yield: 20 mg (64%), free-flowing white powderError! Bookmark not defined. 
 1
H-NMR: (500 MHz, CDCl3) 
8.34 (s, 2 H), 7.95 (s, 1 H), 7.31 (m, 3 H), 7.24 (m, 2 H), 5.56 (d, J = 12.7, 1 
H), 4.99 (dd, J = 5.7, 12.6, 1 H), 4.90 (d, J = 12.7, 1 H), 4.64-4.61 (m(so), 1 
H), 4.52 (d, J = 11.6, 1 H), 4.48 (d, J = 11.6, 1 H), 3.83-3.78 (m(so), 1 H), 
3.71-3.65 (m(so), 1 H), 3.10 (dd, J = 3.2, 12.7, 1 H), 3.02 (dd, J = 7.5, 12.8, 1 
H), 2.81-2.75 (m(br), 1 H), 2.56 (td, J = 8.1, 15.1, 1 H), 2.18-2.05 (m, 2 H), 
2.09 (s, 3 H), 1.91-1.82 (m, 3 H) 
 MS: (ESI, Q-tof) 
485 (33), 484 (100), 399 (14), 398 (49) 
 Mol. Formula: C26H28BrF6NO (564.40) 
 HRMS: C26H28F6NO
+
, (484.2075) 
Calcd:  484.2075 
Found:  484.2063 
 TLC: Rf  0.21  (CH2Cl2/MeOH, 9:1) [I2]
258 
Preparation of rel-(1S,3R,5aS,7aS,7bS)Octahydro-1-benzyloxy-3-hexyl-7b-methyl-
cyclopenta[gh]pyrrolizinium Bromide (II{2,6}) [ndg10-89f] 
 
Data for II{2,6}: 
 Yield: 99 mg (43%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
7.33 (m, 5 H), 4.59 (dd, 1 H, J = 6.1, 17.1), 4.54 (s, 1 H), 4.45 (dd, 1 H, J = 
6.9, 13.4), 3.84 (td, 1 H, J = 6.1, 12.3), 3.62 (m, 1 H), 3.30 (td, 1 H, J = 6.0, 
17.9), 3.04 (m, 1 H), 2.60 (dd, 1 H, J = 7.4, 15.0), 2.52 (dd, 1 H, J = 6.3, 
12.6), 2.32 (td, 1 H, J = 6.8, 20.5), 2.03 (dt, 1 H, J = 6.0, 13.3), 1.87 (m, 5 H), 
1.74 (s, 3 H), 1.33 (dd, 2 H, J = 5.0, 9.3), 0.89 (t, 3 H, J = 7.0) 
 MS: (ESI, Q-tof) 
343 (32), 342 (100), 259 (21), 258 (92) 
 Mol. Formula: C23H36BrNO (422.44) 
 HRMS: C23H36NO
+
, (342.2797) 
Calcd: 342.2797 
Found: 342.2797 
 TLC: Rf  0.38  (CH2Cl2/MeOH, 9:1) [I2] 
259 
Preparation of Quaternary Ammonium Bromides: II{3,1-6}  
 
Following General Procedure (II, amino borane II{3} (441.6 mg, 1.68 mmol) was added 
to a 250-mL, round-bottomed flask as a solution in 150 mL of MeOH (~0.03 M).  The flask was 
fitted with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 M aq. 
HCl solution (24 mL, 5.0 equiv) was added via syringe.  The resulting solution was heated and 
then concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure 
(II.  The resulting free amine was dissolved in acetonitrile and was distributed among six test 
tubes that were subsequently charged with benzyl bromide (tube 1, 40 uL, 0.33 mmol, 1.2 
equiv), 1-bromomethylnaphthalene (tube 2, 73 mg, 0.33 mmol, 1.2 equiv), 2-
bromomethylnaphthalene (tube 3, 73 mg, 0.33 mmol, 1.2 equiv), 9-bromomethylanthracene 
(tube 4, 90 mg, 0.33 mmol, 1.2 equiv), 3,5-(bistrifluoromethyl)benzyl bromide (tube 5, 61 uL, 
0.33 mmol, 1.2 equiv), 1-bromohexane (tube 6, 78 uL, 0.56 mmol, 2.0 equiv).  After being 
agitated for 12 h, the reaction mixtures were worked up and the products isolated and purified as 
described in General Procedure (II. 
260 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-benzylcyclopenta[gh]  
pyrrolizinium Bromide (II{3,1}) [NDG-XI-87-A] 
 
Data for II{3,1}: 
 Yield: 96  mg (83%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
7.73 (dd, J = 2.2, 7.1, 2 H), 7.45 (d, J = 4.7, 3 H), 5.05 (d, J = 12.5, 2 H), 
4.42 (m, 2 H), 3.97 (m, 1 H), 3.66 (dd, J = 5.6, 7.4, 1 H), 3.37 (m, 2 H), 3.18 
(d, J = 12.8, 1 H), 3.06 (s, 1 H), 2.73 (s, 1 H), 2.49-2.40 (m, 1 H,), 2.05 (s, 1 
H), 1.81 (m, 3 H), 1.48 (s, 1 H), 1.26 (m, 6H), 0.85 (t, J = 6.9, 3 H) 
 MS: (ESI, Q-tof) 
342.2 (100), 343.3(28), 336.3(10) 
 Mol. Formula: C23H36BrNO (422.44) 
 HRMS: C23H36NO: (342.2797) 
Calcd: 342.2797 
Found: 342.2786 
 TLC: Rf  0.32  (CH2Cl2/MeOH, 9:1) [I2] 
261 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-[1]naphthylmethyl-
cyclopenta[gh]pyrrolizinium Bromide (II{3,2}) [NDG- XI-87-B] 
 
Data for II{3,2}: 
 Yield: 109 mg (84%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.31 (d, J = 7.2, 1 H), 8.20 (d, J = 8.6, 1 H), 7.88 (t, J = 7.8, 2 H), 7.65 (t, J = 
7.3, 1 H), 7.54 (t, J = 7.5, 1 H), 7.46 (t, J = 7.3, 1 H), 5.35 (d, J = 13.1, 1 H), 
5.18 (d, J = 13.1, 1 H), 4.99 (dd, J = 5.4, 12.7, 1 H), 4.50 (m, 1 H), 3.88 (m, 1 
H), 3.61 (dt, J = 6.3, 11.3, 1 H), 3.35 (t, J = 6.5, 2 H), 3.14 (m, 2 H), 2.88 (m, 
1 H), 2.65 (m, 1 H), 2.26 (s, 3 H), 2.06 (ddd, J = 6.5, 13.0, 19.3, 2 H), 1.80 
(m, 3 H), 1.44 (p, J = 6.6, 2 H), 1.23 (m, 6 H), 0.84 (t, J = 6.9, 3 H) 
 MS: (ESI, Q-tof) 
394 (8), 393 (40), 392 (100) 
 Mol. Formula: C27H38BrNO (472.50) 
 HRMS: C27H38NO: (392.2953) 
Calcd: 392.2953 
Found: 392.2957 
 TLC: Rf  0.35  (CH2Cl2/MeOH, 9:1) [I2] 
262 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-[2]naphthylmethyl-
cyclopenta[gh]pyrrolizinium Bromide (II{3,3}) [NDG- XI-87-C] 
 
Data for II{3,3}: 
 Yield: 98 mg (75%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.18 (s, 1 H), 7.89 (dd, J = 4.0, 5.3, 1 H), 7.75 (d, J = 10.2, 3 H), 7.51 (td, 
J = 3.1, 5.2, 2 H), 5.22 (d, J = 12.5, 1 H), 5.03 (dd, J = 5.6, 12.7, 1 H), 
4.70 (d, J = 12.5, 1 H), 4.44 (m, 1 H), 3.98 (m, 1 H), 3.63 (dt, J = 6.1, 
11.1, 1 H), 3.33 (m, 2 H), 3.19 (dd, J = 3.0, 12.8, 1 H), 3.05 (dd, J = 7.6, 
12.7, 1 H), 2.77 (dd, J = 7.5, 11.1, 1 H), 2.56 (m, 1 H), 2.10 (s, 3 H), 2.05 
(dd, J = 5.0, 11.0, 2 H), 1.81 (m, 3 H), 1.44 (m, 2 H), 1.22 (m, 8 H), 0.82 
(t, J = 6.8, 3 H) 
 MS: (ESI, Q-tof) 
394 (6), 393 (34), 392 (100), 324 (10), 309 (4), 252 (19), 196 (8) 
 Mol. Formula: C27H38BrNO (472.50) 
 HRMS: C27H38NO: (392.2953) 
Calcd: 392.2953 
Found: 392.2936 
 TLC: Rf  0.37  (CH2Cl2/MeOH, 9:1) [I2] 
263 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-[9]anthrylmethyl-
cyclopenta[gh]pyrrolizinium Bromide (II{3,4}) [NDG–XI–87–D] 
 
Data for II{3,4}: 
 Yield: 133 mg (92%), free-flowing yellow powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.65 (d, J = 7.8, 1 H), 8.43 (t, J = 7.4, 1 H), 8.21 (dd, J = 1.3, 7.7, 1 H), 8.16 
(dd, J = 1.3, 7.7, 1 H), 7.78 (m, 2 H), 7.59 (m, 2 H), 4.53 (dd, J = 5.6, 13.2, 1 
H), 4.26 (d, J = 13.8, 2 H), 4.19 (m, 1 H), 3.43 (d, J = 6.25, 7 H), 3.01 (m, 2 
H), 2.61 (m, 1 H), 2.34 (dd, J = 7.2, 13.8, 1 H), 1.88 (m, 6 H), 1.65 (s, 3 H), 
1.27 (m, 13 H), 0.93 (t, J = 6.9, 3 H) 
 MS: (ESI, Q-tof) 
442 (83), 336 (100), 252 (75) 
 Mol. Formula: C31H40BrNO (522.56) 
 HRMS: C31H40NO: (442.3110) 
Calcd: 442.3110 
Found: 442.3098 
 TLC: Rf  0.35  (CH2Cl2/MeOH, 9:1) [I2] 
264 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-(3,5-
bistrifluoromethylbenzyl)cyclopenta[gh]pyrrolizinium Bromide (II{3,5}) [NDG- XI-87-E] 
 
Data for II{3,5}: 
 Yield: 137 mg (88%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.38 (s, 2 H), 7.94 (s, 1 H), 5.58 (d, J = 12.6, 1 H), 4.98 (m, 2 H), 4.42 (dd, J 
= 5.4, 7.1, 1 H), 3.78 (m, 1 H), 3.67 (m, 1 H), 3.38 (dtd, J = 6.6, 9.1, 15.8, 2 
H), 3.12 (d, J = 12.5, 1 H), 2.99 (s, 1 H), 2.76 (s, 1 H), 2.60 (m, 1 H), 2.07 (s, 
5 H), 1.83 (m, 3 H), 1.49 (m, 2 H), 1.25 (m, 7 H), 0.85 (t, J = 6.9, 3 H) 
 MS: (ESI, Q-tof) 
479 (29), 478 (100) 
 Mol. Formula: C25H34BrF6NO (558.44) 
 HRMS: C25H34F6NO: (478.2545) 
Calcd: 478.2545 
Found: 478.2539 
 TLC: Rf  0.32  (CH2Cl2/MeOH, 9:1) [I2] 
265 
Preparation of rel-(1S,3S,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-hexylcyclopenta[gh]  
pyrrolizinium Bromide (II{3,6}) [NDG- XI-87-F] 
 
Data for II{3,6}: 
 Yield: 104 mg (91%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
4.62 (dd, J = 5.6, 12.8, 1 H), 4.30 (m, 1 H), 3.98 (ddd, J = 6.7, 9.3, 11.8, 1 H), 
3.81 (ddd, J = 5.2, 6.7, 11.9, 1 H), 3.66 (dt, J = 4.6, 12.2, 1 H), 3.55 (dd, J = 
3.3, 12.9, 1 H), 3.50 (td, J = 6.4, 9.1, 1 H), 3.40 (td, J = 6.6, 9.1, 1 H), 3.22 
(dt, J = 4.3, 12.3, 1 H), 2.99 (dd, J = 7.8, 12.9, 1 H), 2.61 (m, 1 H), 2.27 (td, J 
= 8.1, 15.5, 1 H), 2.06 (m, 2 H), 1.84 (s, 3 H), 1.76 (m, 4 H), 1.54 (m, 3 H), 
1.30 (m, 12 H), 0.89 (dt, 6 H, J = 3.1, 6.9) 
 MS: (ESI, Q-tof) 
337 (30), 336 (100) 
 Mol. Formula: C22H42BrNO (416.48) 
 HRMS: C22H42NO: (336.3266) 
Calcd: 336.3266 
Found: 336.3269 
 TLC: Rf  0.42  (CH2Cl2/MeOH, 9:1) [I2] 
266 
Preparation of Quaternary Ammonium Bromides II{4,1-6} 
 
Following General Procedure (II, amino borane II{4} (432 mg, 1.68 mmol) was added to 
a 250-mL, round-bottomed flask as a solution in 150 mL of MeOH (~0.03 M).  The flask was 
fitted with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 M aq. 
HCl solution (24 mL, 5.0 equiv) was added via syringe.  The resulting solution was heated and 
then concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure 
(II.  The resulting free amine was dissolved in acetonitrile and was distributed among six test 
tubes that were subsequently charged with benzyl bromide (tube 1, 40.8 uL, 0.34 mmol, 1.2 
equiv), 1-bromomethylnaphthalene (tube 2, 75 mg, 0.34 mmol, 1.2 equiv), 2-
bromomethylnaphthalene (tube 3, 75 mg, 0.34 mmol, 1.2 equiv), 9-bromomethylanthracene 
(tube 4, 92 mg, 0.34 mmol, 1.2 equiv), 3,5-(bistrifluoromethyl)benzyl bromide (tube 5, 62 uL, 
0.34 mmol, 1.2 equiv), 1-bromohexane (tube 6, 80 uL, 0.56 mmol, 2.0 equiv).  After being 
agitated for 12 h, the reaction mixtures were worked up and the products isolated and purified as 
described in General Procedure (II. 
267 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-methoxyethoxymethoxy-3-benzyl-
cyclopenta[gh]pyrrolizinium Bromide (II{4,1}) [NDG-XI-88-A] 
 
Data for II{4,1}: 
 Yield: 91 mg (76%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
7.75 (m, 2 H), 7.43 (dd, J = 1.8, 5.1, 3 H), 4.85 (d, J = 12.4, 1 H), 4.75 (m, 2 
H), 4.70 (s, 2 H), 4.26 (ddd, J = 6.6, 12.2, 1 H), 3.63-3.56 (m, 2 H), 3.50 (dd, 
J = 6.8, 6.2, 12.7, 1 H), 3.45 (t, J = 4.6, 2 H), 3.24 (s, 3 H), 3.19 (dd, J = 5.0, 
12.5, 1 H), 2.96 (dd, J = 7.8, 14.1, 1 H), 2.85-2.80 (m, 1 H), 2.48 (ddd, J = 
7.6, J = 14.6, 14.7, 1 H), 2.04 (s, 3 H), 2.04-1.96 (m, 2 H) 1.87-1.73 (m, 3 H) 
 MS: (ESI, Q-tof) 
347 (28), 346 (100), 192 (13), 174 (37), 133 (18) 
 Mol. Formula: C21H32BrNO3 (426.39) 
 HRMS: C21H32NO3, (346.2482) 
Calcd: 346.2382 
Found: 346.2372 
 TLC: Rf  0.26  (CH2Cl2/MeOH, 9:1) [I2] 
268 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-methoxyethoxymethoxy-3-(1-
naphthylmethyl)cyclopenta[gh]pyrrolizinium Bromide (II{4,2}) [NDG-XI-88-B] 
 
Data for II{4,2}: 
 Yield: 110 mg (82%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.32 (d, J = 7.1, 1 H), 8.18 (d, J = 8.6, 1 H), 7.88 (d, J = 8.2, 2 H), 7.64 (dd, J 
= 7.2, 7.2, 1 H), 7.53 (dd, J = 7.5, 7.5, 2 H) 7.48 (dd, J = 7.7, 7.7, 2 H) 5.32 
(d, J = 13.1, 1 H) 5.23 (d, J = 13.1, 1 H) 4.82 (dd, J = 5.9, 13.7, 1 H), 4.68-
4.63 (m, 3 H) 4.31 (ddd, J = 6.6, 12.3, 12.36, 1 H), 3.53 (m, 2 H), 3.49-3.43 
(m, 1 H), 3.37 (dd, J = 4.1, 8.8, 2 H), 3.16 (s, 3 H), 3.14 (dd, J = 5.9, 12.8, 1 
H), 3.05 (t, J = 7.8, 14.2, 1 H), 2.99-2.95 (m, 1 H), 2.62-2.55 (m, 1 H), 2.25 
(s, 3 H), 2.05-1.95 (m, 2 H), 1.90-1.71 (m, 3 H) 
 MS: (ESI, Q-tof) 
397 (32), 396 (100), 179 (18) 
 Mol. Formula: C25H34NO3Br (476.45) 
 HRMS: C25H34NO3, (396.2539) 
Calcd: 396.2539 
Found: 396.2535 
 TLC: Rf  0.26  (CH2Cl2/MeOH, 9:1) [I2]
269 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-methoxyethoxymethoxy-3-(2-
naphthylmethyl)cyclopenta[gh]pyrrolizinium Bromide (II{4,3}) [NDG-XI-88-C] 
 
Data for II{4,3}: 
 Yield: 126 mg (94%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.20 (s, 1 H), 7.91-7.89 (m, 1 H), 7.79 (s (broad), 2 H), 7.78-7.76 (m, 1 H), 
7.52-50 (m, 2 H), 5.05 (d, J = 12.5, 1 H), 4.96 (d, J = 12.5, 1 H), 4.85 (dd, J = 
5.9, 12.7, 1 H), 4.74 (dd, J = 5.5, 13.3, 1 H), 4.69 (q, J = 6.8, 2 H), 4.31 (ddd, 
J = 6.3, 12.0, 12.7, 1 H), 3.56 (dd, J = 4.1, 8.4, 2 H), 3.53-3.48 (m, 1 H), 3.38 
(dd, J = 4.5, 4.6, 2 H), 3.20 (dd, J = 5.1, 12.7, 1 H), 3.09 (s, 3 H), 3.01 (dd, J 
= 7.9, 14.1, 1 H), 2.89-2.84 (m, 1 H), 2.55 (ddd, J = 7.6, 14.3, 14.6, 1 H), 2.12 
(s, 3 H), 2.05-1.98 (m, 2 H), 1.87-1.74 (m, 3 H) 
 MS: (ESI, Q-tof) 
397 (35), 396 (100), 179 (12) 
 Mol. Formula: C25H34NO3Br (476.45) 
 HRMS: C25H34NO3: (396.2539) 
Calcd:  396.2539 
Found:  396.2532 
 TLC: Rf  0.30  (CH2Cl2/MeOH, 9:1) [I2]
270 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-methoxyethoxymethyl-3-(9-
anthrylmethyl)cyclopenta[gh]pyrrolizinium Bromide (II{4,4}) [NDG-XI-88-D] 
 
Data for II{4,4}: 
 Yield: 134 mg (90%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.73 (d, J = 9.0, 2 H), 8.53 (s, 1 H), 8.44 (m, 1 H), 8.00 (dd, J = 3.8, 8.2, 2 H), 
7.74 (m, 2 H), 7.50 (q, 3 H), 5.71 (q, J = 14.3, 2 H), 4.94 (td, J = 6.2, 14.1, 1 
H), 4.74 (dd, J = 7.0, 16.1, 1 H), 4.57 (dd, J = 6.7, 18.6, 2 H), 4.23 (dd, J = 
5.9, 12.8, 1 H), 4.11 (m, 1 H), 3.87 (td, J = 6.0, 12.1, 1 H), 3.67 (m, 1 H), 3.54 
(t, J = 4.5, 1 H), 3.44 (m, 2 H), 3.39 (s, 1 H), 3.28 (m, 2 H), 3.16 (m, 1 H), 
3.09 (s, 1 H), 2.76 (dd, J = 6.5, 12.8, 1 H), 2.54 (m, 1 H), 2.44 (s, 3 H), 2.34 
(m, 1 H), 1.90 (m, 5 H), 1.74 (s, 3 H) 
 MS: (ESI, Q-tof) 
447 (40), 446 (100), 256 (40), 191 (46) 
 Mol. Formula: C29H36BrNO3 (526.50) 
 HRMS: C29H36NO3, (446.2695) 
Calcd:  446.2695 
Found:  446.2686 
 TLC: Rf  0.34  (CH2Cl2/MeOH, 9:1) [I2]
271 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-methoxyethoxymethyl-3-(3,5-
trifluoromethylbenzyl)cyclopenta[gh]pyrrolizinium Bromide (II{4,5}) [NDG-XI-88-E] 
 
Data for II{4,5}: 
 Yield: 120 mg (76%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.42 (s, 2 H), 7.94 (s, 1 H), 5.32 (s, 2 H), 4.77 (dd, J = 5.8, 13.7, 1 H), 4.73 (d, 
J = 6.8, 1 H), 4.70 (d, J = 6.8, 1 H), 4.65 (dd, J = 5.8, 12.6, 1 H), 4.22 (td, J = 
6.9, 12.2, 1 H), 3.63-3.54 (m, 2 H), 3.47 (dd, J = 5.8, 12.4, 1 H), 3.48-3.39 
(m, 2 H), 3.17 (dd, J = 5.7, 12.7, 1 H), 3.14 (s, 3 H), 2.94 (dd, J = 7.8, 14.3, 1 
H), 2.84 (ddd, J = 6.0, 12.4, 13.4, 1 H), 2.56 (ddd, J = 7.1, 14.7, 15.1, 1 H), 
2.08 (s, 3 H), 2.06-1.97 (m, 2 H), 1.88-1.73 (m, 3 H) 
 MS: (ESI, Q-tof) 
483 (30), 482 (100), 174 (25), 133 (28) 
 Mol. Formula: C23H30BrF6NO3 (562.38) 
 HRMS: C23H30F6NO3
+
, (482.2130) 
Calcd: 482.2130 
Found: 482.2119 
 TLC: Rf  0.27  (CH2Cl2/MeOH, 9:1) [I2]
272 
Preparation of rel-(1S,3S,5aS,7aS,7bR) Otahydro-1-methoxyethoxymethoxy-3-hexyl-
cyclopenta[gh]pyrrolizinium Bromide (II{4,6}) [NDG-XI-88-F] 
 
Data for II{4,6}: 
 Yield: 92 mg (77%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
4.77 (d, J = 7.0, 2 H), 4.73 (d, J = 7.0, 2 H), 4.52 (dd, J = 5.3, 12.9, 1 H), 
4.45 (dd, J = 5.8, 12.8, 1 H), 3.95 (t, J = 6.2, 1 H), 3.77-3.67 (m, 2 H), 3.58-
3.47 (m, 3 H), 3.42-3.56 (m, 1 H), 3.37 (s, 3 H), 2.93 (dd, J = 7.6, 13.9, 1 H), 
2.69 (ddd, J = 7.1, 12.6, 12.8, 1 H), 2.32 (ddd, J = 7.1, 13.9, 14.1, 1 H), 2.09-
1.85 (m, 3 H), 1.83 (s, 3 H), 1.81-1.74 (m, 4 H), 1.50-1.39 (m, (broad), 1 H), 
1.35-1.32 (m, 3 H), 0.89 (t, J = 7.0, 3 H) 
 MS: (ESI, Q-tof) 
341 (31), 340 (100), 133 (24) 
 Mol. Formula: C20H38BrNO3 (420.42) 
 HRMS: C20H38NO3
+
: (340.2852) 
Calcd: 340.2852 
Found: 340.2845 
 TLC: Rf  0.36  (CH2Cl2/MeOH, 9:1) [I2]
273 
Preparation of Quaternary Ammonium Bromides II{5,1-6} 
 
Following General Procedure (II, amino borane II{5} (960 mg, 3.72 mmol) was added to a 250-
mL, round-bottomed flask as a solution in 150 mL of MeOH (~0.03 M).  The flask was fitted 
with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 M aq. HCl 
solution (24 mL, 5.0 equiv) was added via syringe.  The resulting solution was heated and then 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure (II.  
The resulting free amine was dissolved in acetonitrile and was distributed among six test tubes 
that were subsequently charged with benzyl bromide (tube 1, 100 µL, 0.75 mmol, 1.2 equiv), 1-
bromomethylnaphthalene (tube 2, 166 mg, 0.75 mmol, 1.2 equiv), 2-bromomethylnaphthalene 
(tube 3, 166 mg, 0.75 mmol, 1.2 equiv), 9-bromomethylanthracene (tube 4, 203 mg, 0.75 mmol, 
1.2 equiv), 3,5-(bistrifluoromethyl)benzyl bromide (tube 5, 62 uL, 0.34 mmol, 1.2 equiv),Error! 
ookmark not defined. 1-bromohexane (tube 6, 110 uL, 0.75 mmol, 1.2 equiv).  After being 
agitated for 12 h, the reaction mixtures were worked up and the products isolated and purified as 
described in General Procedure (II. 
274 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyl)-3-benzyl-
cyclopenta[gh]pyrrolizinium Bromide (II{5,1) [NDG-X-90-B] 
 
Data for II{5,1}: 
 Yield: 240 mg (92%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.15 (d, J = 4.7, 1 H), 7.85 (dd, J = 2.9, 6.6, 1 H), 7.62-7.58 (m, 1 H), 7.47-
7.43 (m(br), 3 H), 6.95 (t, J = 6.0, 1 H), 6.71 (d, J = 8.3, 1 H), 5.87 (dd, J = 
6.3, 14.3, 1 H), 5.05 (d, J = 12.4, 1 H), 4.95 (dd, J = 6.2, 12.9, 1 H), 4.79 (d, J 
= 12.4, 1 H), 4.58-4.52 (m, (so), 1 H), 3.44 (dt, J = 7.2, 12.5, 1 H), 3.24 (dd, J 
= 6.3, 12.9, 1 H), 3.14 (q, J = 7.7, 1 H), 2.98 (m, (broad), 1 H), 2.63-2.55 (m, 
1 H), 2.15 (s, 3 H, H3C(10)), 2.08-1.99 (m, (broad), 2 H), 1.90-1.78 (m, 
(broad), 3 H) 
 MS: (ESI, Q-tof) 
336.2 (30), 335.2 (100), 264 (23), 263 (99), 185.0 (56) 
 Mol. Formula: C22H27BrN2O (415.37) 
 HRMS: C22H27N2O
+
, (335.2123) 
Calcd:  335.2123 
Found:  335.2121 
 TLC: Rf  0.24  (CH2Cl2/MeOH, 9:1) [I2]
275 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyloxy)-3-(1-napthylmethyl)-
cyclopenta[gh]pyrrolizinium Bromide (II{5,2}) [NDG-X-90-C] 
 
Data for II{5,2}: 
 Yield: 274 mg (94%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.42 (d, 1 H, J = 7.1), 8.26 (d, 1 H, J = 8.6), 8.09 (dd, 1 H, J = 1.3, 4.9), 7.90 
(t, 1 H, J = 7.6), 7.65 (t, 1 H, J = 7.5), 7.57-7.51 (m, 3 H), 6.92 (dd, 1 H, J = 
5.4, 6.7), 6.62 (d, 1 H, J = 8.4), 6.04 (dd, 1 H, J = 6.1, 14.1), 5.44 (d, 1 H, J = 
13.0), 5.30 (d, 1 H, J = 13.1), 4.98 (dd, 1 H, J = 6.2, 13.0), 4.50 (m, (broad), 1 
H), 3.26 (dd, 2 H, J = 5.9, 13.0), 3.11 (m, (broad), 1 H), 2.72-2.64 (m, 1 H), 
2.35 (s, 3 H, (H3C(C10)), 2.10-1.99 (m, 2 H), 1.90-1.77 (m, 3 H) 
 MS: (ESI, Q-tof) 
386 (35), 385 (100), 264 (22), 263 (90), 185.0 (47) 
 Mol. Formula: C26H29BrN2O 465.43 
 HRMS: C26H29N2O
+
,  (385.2280) 
  Calcd: 385.2280 
 Found: 385.2276 
 TLC: Rf  0.30  (CH2Cl2/MeOH, 9:1) [I2]
276 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyl)-3-[2]napthylmethyl-
cyclopenta[gh]pyrrolizinium Bromide (II{5,3}) [NDG-X-90-D] 
 
Data for II{5,3}: 
 Yield: 251 mg (87%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.29 (s, 1 H), 8.18 (d, J = 4.3, 1 H), 7.91 (d, J = 7.5, 2 H), 7.80 (m, 2 H), 7.58 
(t, J = 7.7, 1 H), 7.52 (d, J = 4.2, 2 H), 6.94 (t, J = 6.1, 1 H), 6.69 (d, J = 8.2, 
1 H), 5.91 (dd, J = 6.3, 14.2, 1 H), 5.25 (d, J = 12.5, 1 H), 5.01 (dd, J = 6.1, 
12.8, 1 H), 4.96 (d, J = 12.5, 1 H), 4.63 (s, 1 H), 3.44 (dt, J = 6.3, 12.0, 1 H), 
3.22 (dd, J = 6.3, 12.8, 1 H), 3.16 (q, J = 7.9, 1 H), 3.03 (s (broad), 1 H), 
2.69-2.59 (m, 1 H), 2.22 (s, 3 H), 2.10-2.00 (m, 2 H), 1.92-1.77 (m, 3 H) 
 MS: (ESI, Q-tof) 
386.2 (34), 385.2 (100), 263.1 (50), 185 (31) 133 (29) 
 Mol. Formula: C26H29BrN2O (465.43) 
 HRMS: C26H29N2O
+
, (385.2280) 
 Calcd: 385.2280 
 Found: 385.2276 
 TLC: Rf  0.27  (CH2Cl2/MeOH, 9:1) [I2]
277 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyl)-3-[9]anthrylmethyl-
cyclopenta[gh]pyrrolizinium Bromide (II{5,4}) [NDG-X-90-E] 
 
Data for II{5,4}: 
 Yield: 250 mg (78%), free-flowing pale-yellow powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.88 (d, J = 9.0, 1 H), 8.72 (d, J = 9.0, 1 H), 8.55 (s, 1 H), 8.01 (m,3 H), 7.77 
(t, J = 7.5, 1 H), 7.71 (t, J = 7.7, 1 H), 7.54-7.49 (m, 3 H), 6.87 (dd, J = 5.1, 
7.1, 1 H), 6.55 (d, J = 8.3, 1 H), 6.05 (dd, J = 6.2, 14.5, 1 H), 5.99 (d, J = 
14.2, 1 H), 5.74 (d, J = 14.2, 1 H), 4.51 (dd, J = 6.4, 3.1, 1 H), 4.29 (dt, J = 
7.3, 2.2, 1 H), 3.41 (dd, J = 7.8, 15.3, 1 H), 3.31 (m, (broad), 1 H), 3.24 (dt, J 
= 7.0, 12.2, 1 H), 2.93 (dd, J = 6.0, 13.1, 1 H), 2.78 (dt, J = 7.1, 14.4, 1 H), 
2.54 (s, 3 H), 2.09-190 (m, 3 H), 1.82-1.66 (m, 3 H) 
 MS: (ESI, Q-tof) 
436 (41), 435.2 (100), 236 (41), 191 (70) 
 Mol. Formula: C30H31BrN2O (515.48) 
 HRMS: C30H31N2O 
+
, (435.2436) 
 Calcd: 435.2436 
Found: 435.2434 
 TLC: Rf  0.31  (CH2Cl2/MeOH, 9:1) [I2]
278 
Preparation of rel-(1S,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyl)-3-(3,5-
trifluoromethylbenzyl)cyclopenta[gh]pyrrolizinium Bromide (II{5,5}) [NDG-X-90-F] 
 
Data for II{5,5}: 
 Yield: 45 mg (63%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.57 (s, 2 H), 8.18 (d, J = 4.5, 1 H), 7.99 (s, 1 H), 7.63 (m, 1 H), 6.99 (dd, J = 
5.4, 6.8, 1 H), 6.74 (d, J = 8.2, 1 H), 5.84 (dd, J = 7.9, 14.3, 1 H), 5.77 (d, J = 
12.7, 1 H), 4.94-4.83 (m, (broad), 2 H), 4.74 (dd, J = 6.0, 12.6, 1 H), 3.30 (m, 
1 H), 3.12-3.03 (m, (second order), 3 H), 2.64-2.56 (m, 1 H), 2.23 (s, 3 H), 
2.16-1.98 (m, 3 H), 1.90-1.81 (m, 2 H) 
 MS: (ESI, Q-tof) 
472.2 [M
+
+1] (31), 471.2 [M
+
+1] (100) 
 Mol. Formula: C24H25BrF6N2O (551.36) 
 HRMS: C24H25F6N2O
+
: (471.1871) 
Calcd:  471.1871 
Found:  471.1862 
 TLC: Rf  0.21  (CH2Cl2/MeOH, 9:1) [I2] 
 
279 
Preparation of rel-(1S,3S,5aS,7aS,7bR) Octahydro-1-(2-pyridyl)-3-
hexylcyclopenta[gh]pyrrolizinium Bromide (II{5,6}) [NDG-X-90-A] 
 
Data for II{5,6}: 
 Yield: 70 mg (27%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.16 (ddd, J = 0.8, 2.0, 5.1, 1 H), 7.85 (dd, J =  3.0, 6.5, 2 H), 7.60 (ddd, J =  
2.0, 7.2, 8.3, 1 H), 7.45 (m, 3 H), 6.95 (ddd, J =  0.9, 5.1, 7.1, 1 H), 6.70 (d, J 
=  8.3, 1 H), 5.87 (dd, J = 6.3, 14.3, 1 H), 5.05 (d, J = 12.4, 1 H), 4.96 (dd, J 
= 6.2, 12.9, 1 H), 4.77 (d, J = 12.4, 1 H), 4.61 (dt, J = 7.1, 12.1, 1 H), 3.44 
(ddd, J = 6.5, 6.3, 12.2, 1 H), 3.23 (dd, J =  6.4, 12.9, 1 H), 3.14 (q, J = 7.7, 1 
H), 3.02-2.97 (m, 1 H), 2.58 (dt, J = 6.9, 14.6, 1 H), 2.16 (s, 3 H), 2.08-2.00 
(m, 2 H,), 1.91-178 (m, 3 H), 1.33-1.20 (m, (second order), 1 H), 0.88 (t, J = 
7.1, 3 H) 
 MS: (ESI, Q-tof) 
329 (100) 
 Mol. Formula: C21H33BrN2O (409.40) 
 HRMS: C21H33N2O
+
: (329.2593) 
Calcd:  329.2593 
Found:  329.2580 
 TLC: Rf  0.38  (CH2Cl2/MeOH, 9:1) [I2] 
280 
Preparation of Quaternary Ammonium Bromides III{1-5,1-6}: 
 
 Following General Procedure (II, amino borane 1b (50 mg, 0.28 mmol) was added to a 
50-mL round-bottomed flask as a solution in 9.5 mL of MeOH (0.03 M).  The flask was fitted 
with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 N aq. HCl 
solution (1.5, 5.0 equiv) was added via syringe.  The resulting solution was heated and then 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure (II.  
The resulting free amine was dissolved in acetonitrile and was distributed among six test tubes 
that were subsequently charged with benzyl bromide (tube 1, 39 mg, 0.33 mmol, 1.1 equiv), 1-
bromomethylnaphthalene (tube 2, 67 mg, 0.3 mmol, 1.2 equiv), 2-bromomethylnaphthalene 
(tube 3, 73 mg, 0.33 mmol, 1.1 equiv), 9-bromomethylanthracene (tube 4, 49 mg, 0.18 mmol, 1.2 
equiv), 3,5-bis(trifluoromethyl)benzyl bromide (tube 5, 63.7 µL, 0.18 mmol, 1.2 equiv), 1-
bromohexane (tube 6, 36 µL, 0.25 mmol, 1.2 equiv).  After being agitated for 12 h, the reaction 
mixtures were worked up and the products isolated and purified as described in General 
Procedure (II. 
281 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hydroxy-3-benzyl-7b-methyl-
cyclopenta[gh]pyrrolizinium Bromide (III{1,1}) [NDG-IX-64] 
 
Data for III{1,1}: 
 Yield: 64 mg (69%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
7.61 (m, 2 H), 7.52 (m, 3 H), 4.98 (d, J = 12.2, 1 H), 4.56 (d, J = 12.2, 1 H), 
4.25 (d, J = 3.1, 1 H), 3.84 (dd, J = 1.6, 13.7, 1 H), 3.74 (m, 2 H), 3.38 (dd, J 
= 6.4, 11.5, 1 H), 2.71 (dd, J = 8.5, 17.1, 1 H), 2.59 (t, J = 8.8, 1 H), 2.24 (m, 
1 H), 2.13 (m, 1 H), 1.90 (m, 2 H), 1.85 (s, 3 H), 1.78 (ddd, J = 4.7, 12.9, 
16.9, 2 H), 1.62 (ddd, J = 4.8, 9.4, 12.1, 1 H) 
 MS: (ESI, Q-tof) 
259 (21), 258 (100), 166 (13) 
 Mol. Formula: C17H24BrNO (338.28) 
 HRMS: C17H24NO
+
: (258.1858) 
Calcd: 258.1858 
Found: 258.1855 
 TLC: Rf  0.09  (CH2Cl2/MeOH, 9:1) [I2]
282 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hydroxy-3-(1-naphthyl)-7b-methyl-
cyclopenta[gh]pyrrolizinium Bromide (III{1,2}) [NDG11-84A] [NDG-IX-65 and XIV-38] 
 
Data for III{1,2}: 
 Yield: 88 mg (82%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.72 (d, J = 8.6, 1 H), 8.09 (d, J = 8.3, 1 H), 8.00 (d, J = 8.0, 1 H), 7.94 (d, J 
= 7.2, 1 H), 7.67 (ddd, J = 1.3, 6.8, 8.5, 1 H), 7.61 (td, J = 7.2, 10.3, 2 H), 
5.57 (d, J = 12.9, 1 H), 5.01 (d, J = 12.9, 1 H), 4.30 (s, 1 H), 3.98 (d, J = 13.6, 
1 H), 3.92 (dd, J = 6.2, 12.1, 1 H), 3.20 (dd, J = 6.0, 11.6, 1 H), 2.77 (dd, J = 
8.7, 16.5, 1 H), 2.66 (t, J = 9.1, 1 H), 2.23 (m, 1 H), 2.14 (td, J = 6.8, 13.6, 1 
H), 2.00 (s, 3 H), 1.93 (m, 1 H), 1.69 (m, 3 H) 
 MS: (ESI, Q-tof) 
310 (4), 309 (32), 308 (100) 
 Mol. Formula: C21H26BrNO (388.34) 
 HRMS: C21H26NO
+
: (308.2014) 
Calcd: 308.2014 
Found: 308.2033 
 TLC: Rf  0.10  (CH2Cl2/MeOH, 9:1) [I2]
283 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hydroxy-3-(2-naphthyl)-7b-methyl-
cyclopenta[gh]pyrrolizinium Bromide (III{1,3}) [NDG-VIII-52] 
 
Data for III{1,3}: 
 Yield: 98 mg (84%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.37 (s, 1 H), 8.07 (d, J = 7.3, 1 H), 7.88 (d, J = 8.4, 1 H), 7.83 (d, J = 7.2, 1 
H), 7.67 (dd, J = 1.6, 8.4, 1 H), 7.52 (m, 3 H), 5.99 (d, J = 3.3, 1 H), 5.31 (d, 
J = 12.1, 1 H), 4.61 (d, J = 12.0, 1 H), 4.54 (s, 1 H), 4.30 (d, J = 13.3, 1 H), 
3.83 (ddd, J = 6.2, 12.3, 12.4, 1 H), 3.30 (dd, J = 6.3, 11.6, 1 H), 3.15 (d, J = 
11.7, 1 H), 2.89 (dd, J = 9.1, 9.1, 1 H), 2.74 (dd, J = 8.9, 16.3, 1 H), 2.28 (dd, 
J = 6.7, 13.9, 1 H), 2.16 (m, 1 H), 1.93 (s, 3 H), 1.76 (m, 5 H) 
 MS: (ESI, Q-tof) 
310 (5), 309 (23), 308 (100) 
 Mol. Formula: C21H26BrNO (388.34) 
 HRMS: C21H26NO
+
: (308.20) 
Calcd: 308.2014 
Found: 308.2024 
 TLC: Rf  0.10  (CH2Cl2/MeOH, 9:1) [I2]
284 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hydroxy-3-(9-anthracenylmethyl)-7b-
methyl-cyclopenta[gh]pyrrolizinium Bromide (III{1,4}) [NDG-IX-66, XIV-38] 
 
Data for III{1,4}: 
 Yield: 33 mg (51%), free-flowing yellow powder 
 1
H-NMR: (500 MHz, CDCl3) 
9.10 (d, J = 9.1, 1 H), 8.62 (s, 1 H), 8.22 (s, 1 H), 8.07 (dd, J = 8.4, 27.8, 2 
H), 7.86 (m, 1 H), 7.68 (m, 1 H), 7.55 (td, J = 8.0, 11.4, 2 H), 6.38 (d, J = 
13.9, 1 H), 5.62 (d, J = 14.0, 1 H), 4.62 (s, 1 H), 4.43 (d, J = 13.2, 1 H), 3.67 
(dt, J = 6.2, 12.3, 1 H), 3.34 (t, J = 9.3, 1 H), 2.94 (dd, J = 3.0, 13.1, 1 H), 
2.76 (dd, J = 8.8, 16.1, 1 H), 2.47 (dd, J = 5.7, 12.1, 1 H), 2.26 (s, 3 H), 2.08 
(dd, J = 7.3, 14.0, 1 H), 1.90 (tt, J = 6.9, 13.5, 1 H), 1.74 (dd, J = 6.4, 13.4, 1 
H), 1.51 (m, 5 H) 
 MS: (ESI, Q-tof) 
359 (11), 358 (36), 306 (27), 305 (83), 191 (43), 168 (10) 
 Mol. Formula: C25H28BrNO (438.40) 
 HRMS: C25H28NO
+
: (358.2171) 
Calcd: 358.2171 
Found: 358.2156 
 TLC: Rf  0.13  (CH2Cl2/MeOH, 9:1) [I2]
285 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hydroxy-3-(3,5-
bistrifluoromethylbenzyl)-7b-methylcyclopenta[gh]pyrrolizinium Bromide (III{1,5}) 
[NDG-VIII-54] 
 
Data for III{1,5}: 
 1
H-NMR: (500 MHz, CDCl3) 
8.24 (s, 2 H),  8.21 (s, 1 H),  5.20 (d, 1 H, J = 12.6),  4.75 (d, 1 H, J = 12.7),  
4.29 (dd, 1 H, J = 2.2, 8.8),  3.85 (ddd, 1 H, J = 6.4, 12.3, 12.2),  3.63 (dd, 1H, 
J = 1.8, 13.9),  3.44 (m, 3 H),  2.74 (dd, 1 H, J = 9.2, 17.0),  2.62 (dd, 1 H, J 
= 8.7, 8.7),  2.29 (m, 1 H),  2.15 (m, 1 H),  1.96 (m, 2 H),  1.88 (s, 3 H),  1.75 
(m, 3 H) 
 MS: (ESI, Q-tof) 
394 (100) 
 Mol. Formula: C19H22BrF6NO (474.2785) 
 HRMS: C19H22F6NO
+
: (394.1606) 
Calcd: 394.1606 
Found: 394.1595 
 TLC: Rf  0.16 (CH2Cl2/MeOH, 9:1) [I2] 
286 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hydroxy-3-hexyl-7b-methyl-
cyclopenta[gh]pyrrolizinium Bromide (III{1,6}) [NDG-IX-67] 
 
Data for III{1,6}: 
 Yield: 54 mg (79%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
5.66 (d, J = 8.9, 1 H), 5.41 (d, J = 9.1, 1 H), 4.28 (s, 1 H), 4.22 (s, 1 H), 4.15 
(d, J = 13.1, 1 H), 3.91 (dd, J = 6.6, 11.6, 1 H), 3.75 (m, 6 H), 3.55 (d, J = 
12.9, 2 H), 2.71 (dd, J = 8.4, 16.6, 1 H), 2.58 (m, 2 H), 2.47 (t, J = 9.4, 1 H), 
2.15 (m, 5 H), 1.81 (m, 10 H), 1.74 (s, 3 H), 1.62 (m, 3 H), 1.40 (m, 10 H), 
0.94 (t, J = 6.5, 3 H) 
 MS: (ESI, Q-tof) 
252 (100) 
 Mol. Formula: C16H30BrNO (332.32) 
 HRMS: C16H30NO
+
: (252.2332) 
Calcd: 252.2332 
Found: 252.2327 
 TLC: Rf  0.13  (CH2Cl2/MeOH, 9:1) [I2] 
287 
Preparation of Quaternary Ammonium Bromides III{2,1-6} 
 
 Following General Procedure (II, amino borane III{2} (324 mg, 1.2 mmol) was added to 
a 100-mL round-bottomed flask as a solution in 42 mL of MeOH (0.03 M).  The flask was fitted 
with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 N aq. HCl 
solution (6.0, 5.0 equiv) was added via syringe.  The resulting solution was heated and then 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure (II.  
The resulting free amine was dissolved in acetonitrile and was distributed among six test tubes 
that were subsequently charged with benzyl bromide (tube 1, 30 µL, 0.24 mmol, 1.2 equiv), 1-
bromomethylnaphthalene (tube 2, 82 mg, 0.37 mmol, 1.2 equiv), 2-bromomethylnaphthalene 
(tube 3, 66 mg, 0.3 mmol, 1.2 equiv), 3,5-bis(trifluoromethyl)benzyl bromideError! Bookmark 
ot defined. (tube 4, 31 mg, 0.104 mmol, 1.2 equiv), 9-bromomethylanthracene (tube 5, 60 mg, 
0.24 mmol, 1.2 equiv), 1-bromohexane (tube 6, 31 µL, 0.24 mmol, 1.2 equiv).  After being 
agitated for 12 h, the reaction mixtures were worked up and the products isolated and purified as 
described in General Procedure (II. 
288 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-benzyloxy-3-benzyl-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (III{2,1}) [NDG-VIII-86] 
 
Data for III{2,1}: 
 Yield: 61 mg (71%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
7.64 (dd, 2 H, J = 1.6, 7.6) 7.41 (m, 8), 5.14 (d, 1 H, J = 12.0), 4.87 (ddd, 1 
H, J = 6.4, 12.4, 12.8), 4.72 (d, 3 H, J = 11.7) 4.65 (d, 1 H, J = 12.0), 4.61 (d, 
1 H, J = 11.7) 4.08 (d, 1 H, J = 3.0), 4.01 (dd, 2 H, J = 1.8, 14.0), 3.48 (dd, 1 
H, J = 2.3, 13.9), 3.29 (dd, 1 H, J = 6.4, 11.5), 3.06 (dd, 1 H, J = 8.6, 14.9), 
2.71 (dd, 1 H, J = 9.0, 9.0), 2.39 (ddd, 1 H, J = 6.7, 6.7, 13.7), 2.15-2.10 (m, 1 
H), 2.04 (s, 3 H), 1.89-1.80 (m, 3 H), 1.75-1.67 (m, 1 H),  
 MS: (ESI, Q-tof) 
348 (100), 349 (31) 
 Mol. Formula: C24H30BrNO (428.40) 
 HRMS: C24H30NO
+
: (348. 2327) 
Calcd: 348.2327 
Found: 348.2312 
 TLC: Rf  0.25  (CH2Cl2/MeOH, 9:1) [I2]
289 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-benzyloxy-3-(1-naphthylmethyl)-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (III{2,2}) [NDG-VIII-62] 
 
Data for III{2,2}: 
 Yield: 117 mg (81%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.51 (d, J = 8.6, 1 H), 8.26 (d, J = 7.2, 1 H), 7.95 (d, J = 8.3, 1 H), 7.88 (d, J 
= 8.2, 1 H), 7.64 (dd, J = 1.7, 7.7, 1 H), 7.55 (dd, J = 7.3, 8.1, 1 H), 7.49 (m, 
1 H), 7.46 (d, J = 4.4, 3 H), 7.44-7.34 (m, 3 H), 5.39 (d, J = 12.8, 1 H), 5.32 
(d, J = 12.6, 1 H), 5.10 (m, 1 H), 4.87 (d, J = 11.5, 1 H), 4.60 (d, J = 10.9, 1 
H), 4.12 (d, J = 4.4, 1 H), 4.03 (dd, J = 2.0, 13.4, 1 H), 3.42 (dd, J = 3.6, 
13.5, 1 H), 3.31-3.21 (m, 1 H), 3.17 (dd, J = 6.5, 11.3, 1 H), 2.82 (dd, J = 9.8, 
9.8, 1 H), 2.41-2.35 (m, 1 H), 2.23 (s, 3 H), 2.17-2.09 (m, 1 H), 1.91-1.61 (m, 
2 H) 
 MS: (ESI, Q-tof) 
398 (100), 258 (40) 
 Mol. Formula: C28H32BrNO (478.46) 
 HRMS: C28H32NO
+
: (398.2484) 
Calcd: 398.2484 
Found: 398.2476 
 TLC: Rf  0.2  (CH2Cl2/MeOH, 9:1) [I2]
290 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-benzyloxy-3-(2-naphthylmethyl)-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (III{2,3}) [NDG-VIII-63] 
 
Data for III{2,3}: 
 Yield: 93 mg (79%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.11 (s, 1 H), 7.88 (dd, J = 8.0, 16.5, 3 H,), 7.74 (dd, J = 1.7, 8.4, 1 H), 7.59-
7.54 (m, 2 H), 7.38 (ddd, J = 11.2, 18.2, 27.0, 6 H), 5.33 (d, J = 11.8, 1 H), 
5.02 (ddd, J = 6.3, 12.3, 12.3, 1 H), 4.83-4.77 (m, 3 H), 4.65 (d, J = 11.7, 1 
H), 4.45 (d, J = 11.7, 1 H), 4.13-4.00 (m, 3 H), 3.74 (dddd, J = 6.2, 6.2, 12.2, 
12.2, 1 H), 3.40-3.33 (m, 2 H), 3.18-3.10 (m, 2 H), 2.98 (ddd, J = 3.6, 6.9, 
12.6, 1 H), 2.75 (dd, J = 9.3, 9.3, 1 H), 2.5-2.51 (m, 1 H), 2.48-2.42 (m, 1 H), 
2.36-.29 (m, 1 H), 2.17-2.11 (m, 1 H), 2.10 (s, 3 H), 2.06-2.01 (m, 1 H), 1.91-
1.83 (m, 2 H), 1.78-1.63 (m, 3 H) 
 MS: (ESI, Q-tof) 
399 (39), 398 (100), 258 (49) 
 Mol. Formula: C28H32BrNO (478.46) 
 HRMS: C28H32NO
+
: (398.2484) 
Calcd: 398.2484 
Found: 398.2473 
 TLC: Rf  0.27  (CH2Cl2/MeOH, 9:1) [I2]
291 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-benzyloxy-3-(9-anthracenylmethyl)-
7b-methylcyclopenta[gh]pyrrolizinium Bromide (III{2,4}) [NDG-VIII-64] 
 
Data for III{2,4}: 
 Yield: 32 mg (29%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
9.10 (d, J = 9.1, 1 H), 8.62 (s, 1 H), 8.21 (d, J = 8.9, 1 H), 8.10 (d, J = 8.4, 2 
H), 8.04 (d, J = 8.5, 2 H), 7.86 (m, 1 H), 7.68 (dd,J = 7.2, 7.2, 1 H), 7.55 (dd, 
J = 8.0, 18.3, 2 H), 6.38 (d, J = 13.9, 1 H), 5.62 (d, J = 14.0, 1 H), 4.62 (s, 1 
H), 4.43 (d, J = 13.2, 1 H), 3.67 (ddd, J = 6.2, 12.3, 12.3, 1 H), 3.34 (dd, J = 
9.3, 9.3, 1 H), 2.94 (dd, J = 3.0, 13.1, 1 H), 2.76 (dd, J = 8.8, 16.1, 1 H), 2.47 
(dd, J = 5.7, 12.1, 1 H), 2.30-2.27 (m, 1 H), 2.26 (s, 3 H), 2.08 (dd, J = 7.0, 
13.4, 1 H), 1.90 (dddd, J = 6.9, 6.9, 13.5, 13.5, 1 H), 1.74 (dd, J = 6.4, 13.4, 1 
H), 1.58-1.44 (m, 3 H) 
 MS: (ESI, Q-tof) 
449 (41), 448 (100), 256 (20), 191 (60) 
 Mol. Formula: C32H34BrNO (528.52) 
 HRMS: C32H34NO
+
: (448.2640) 
Calcd: 448.2640 
Found: 448.2633 
 TLC: Rf  0.31  (CH2Cl2/MeOH, 9:1) [I2]  
292 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-benzyloxy-3-benzyl-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (III{2,4}) [NDG-VIII-65],  
 
Data for III{2,4}: 
 Yield: XX mg (XX%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.21 (s, 2 H), 7.94 (s, 1 H), 7.38 (m, 5 H), 5.77 (d, 1 H, J = 12.2), 5.13 (ddd, J 
= 6.6, 6.6, 12.4, 1 H), 4.72 (dd, J = 11.7, 18.9, 3 H), 4.54 (d, J = 11.3, 1 H), 
4.14 (d, J = 2.5, 1 H), 3.69 (ddd, J = 13.7, 13.7, 14.1, 2 H), 3.26 (dd, J = 6.5, 
11.0, 1 H), 2.99 (dd, J = 8.8, 14.5, 1 H), 2.75 (dd, J = 8.8, 8.8, 1 H), 2.37 (m, 
1H), 2.15 (m, 1 H), 2.07 (s, 3 H), 1.68 (m, 3 H) 
 MS: (ESI, Q-tof) 
XXX 
 Mol. Formula: XXXX (XXXX) 
 HRMS: C32H34NO
+
: (XXXX) 
Calcd: XXXX 
Found: XXXX 
 TLC: Rf  0.31  (CH2Cl2/MeOH, 9:1) [I2]  
293 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-benzyloxy-3-hexyl-7b-methyl-
cyclopenta[gh]pyrrolizinium Bromide (III{2,6}) [NDG-VIII-87] 
 
Data for III{2,6}: 
 Yield: 64mg (76%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
7.36 (ddd, J = 4.4, 8.5, 12.6, 2 H), 7.27 (s, 1 H), 4.58 (s, 1 H), 4.49 (d, J = 
11.7, 2 H), 4.22 (m, 2 H), 4.12 (m, 1 H), 3.99 (d, J = 14.3, 1 H), 3.54 (m, 2 H), 
3.29 (m, 1 H), 2.71 (dd, J = 9.4, 13.6, 1 H), 2.57 (dd, J = 7.5, 7.5, 1 H), 2.22 
(m, 2 H), 2.09 (dd, J = 6.0, 16.5, 1 H), 1.81 (m, 4 H), 1.70 (s, 3 H), 1.26 (s, 1 
H), 0.87 (dd, J = 5.1, 5.1, 3 H) 
 MS: (ESI, Q-tof) 
 Mol. Formula: C23H36BrNO (422.44) 
 HRMS: C23H36NO
+
: (342.2791) 
Calcd: 342.2797 
Found: 342.2782 
 TLC: Rf  0.31  (CH2Cl2/MeOH, 9:1) [I2] 
294 
Preparation of Quaternary Ammonium Bromides III{3,1-6} 
 
 Following General Procedure (II, amino borane III{3} (560 mg, 2.22 mmol) was added 
to a 100-mL round-bottomed flask as a solution in 50  mL of MeOH (0.03 M).  The flask was 
fitted with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 N aq. 
HCl solution (12.0, 5.0 equiv) was added via syringe.  The resulting solution was heated and then 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure (II.  
The resulting free amine was dissolved in acetonitrile and was distributed among six test tubes 
that were subsequently charged with benzyl bromide (tube 1, 53 µL, 0.44 mmol, 1.2 equiv), 1-
bromomethylnaphthalene (tube 2, 69 mg, 0.37 mmol, 1.2 equiv), 2-bromomethylnaphthalene 
(tube 3, 66 mg, 0.3 mmol, 1.2 equiv), 3,5-bis(trifluoromethyl)benzyl bromide (tube 4, 44 uL, 
0.24 mmol, 1.2 equiv), 9-bromomethylanthracene (tube 5, 65 mg, 0.24 mmol, 1.2 equiv), 1-
bromohexane (tube 6, 62 µL, 0.44 mmol, 1.2 equiv).  After being agitated for 12 h, the reaction 
mixtures were worked up and the products isolated and purified as described in General 
Procedure (II. 
295 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-benzyl-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (III{3,1}) [NDG-IX-74] 
 
Data for III{3,1}: 
 Yield: 145 mg (93%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
7.69 (dd, J = 1.9, 7.0, 2 H), 7.45 (m, 3 H), 5.16 (d, J = 11.9, 1 H), 4.90 (m, 1 
H), 4.62 (d, J = 11.9, 1 H), 3.94 (dd, J = 8.3, 22.7, 1 H), 3.62 (td, J = 6.7, 8.8, 
1 H), 3.47 (td, J = 6.3, 8.9, 1 H), 3.39 (d, J = 13.9, 1 H), 3.25 (dd, J = 6.5, 
11.5, 1 H), 3.07 (dd, J = 8.6, 15.4, 1 H), 2.64 (t, J = 9.2, 1 H), 2.40 (m, 1 H), 
2.13 (m, 1 H), 2.03 (s, 3 H), 1.82 (m, 3 H), 1.67 (m, 3 H), 1.34 (m, 7 H), 0.91 
(t, J = 7.1, 3 H) 
 MS: (ESI, Q-tof) 
393 (12), 343 (28), 342 (100), 336 (8) 
 Mol. Formula: C23H36BrNO (422.44) 
 HRMS: C23H36NO
+
: (342.2797) 
Calcd: 342.2797 
Found: 342.2782 
 TLC: Rf  0.28  (CH2Cl2/MeOH, 9:1) [I2]
296 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-(1-naphthylmethyl)-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (III{3,2}) [NDG-VIII-67] 
 
Data for III{3,2}: 
 Yield: 117 mg (81%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.70 (d, J = 8.5, 1 H), 8.30 (d, J = 7.2, 1 H), 7.98 (d, J = 8.2, 1 H), 7.92 (d, J 
= 7.6, 1 H), 7.58 (ddd, J = 6.2, 13.2, 24.1, 3 H), 5.40 (d, J = 12.6, 1 H), 5.32 
(d, J = 12.6, 1 H), 5.07 (dt, J = 6.2, 12.7, 1 H), 4.04 (dd, J = 1.8, 13.9, 1 H), 
3.96 (d, J = 3.3, 1 H), 3.76 (td, J = 6.8, 8.8, 1 H), 3.51 (m, 1 H), 3.35 (ddd, J 
= 4.2, 12.9, 24.2, 3 H), 3.23 (m, 2 H), 3.14 (dd, J = 6.2, 11.5, 1 H), 2.72 (t, J 
= 9.5, 1 H), 2.39 (m, 1 H), 2.20 (s, 3 H), 2.10 (td, J = 7.4, 17.8, 2 H), 1.78 
(ddd, J = 15.8, 24.6, 37.5, 5 H), 1.56 (s, 1 H), 1.29 (m, 7 H), 0.92 (t, J = 7.1, 3 
H) 
 MS: (ESI, Q-tof) 
394 (8), 393 (34), 392 (100), 336 (13) 
 Mol. Formula: C27H38BrNO (472.50) 
 HRMS: C27H38NO
+
: (392.2953) 
Calcd: 392.2953 
Found: 392.2951 
 TLC: Rf  0.31  (CH2Cl2/MeOH, 9:1) [I2]
297 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-(2-naphthylmethyl)-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (III{3,3}) [NDG-VIII-66] 
 
Data for III{3,3}: 
 Yield: 93 mg (79%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.17 (s, 1 H), 7.91 (d, J = 8.6, 2 H), 7.88 (d, (broad), J = 7.3, 1 H), 7.78 (dd, 1 
H, J = 1.6, 8.4), 7.59-7.54 (m, 2 H), 5.37 (d, J = 11.9, 1 H), 5.09 (dt, J = 6.3, 
12.4, 12.4, 1 H), 4.78 (d, J = 11.9, 1 H), 4.04 (dd, J = 1.7, 13.8, 1 H), 3.94 (d, 
J = 2.8, 1 H), 3.67 (ddd, J = 6.6, 8.9, 9.1, 1 H), 3.52 (ddd, J = 6.3, 8.9, 12.7, 1 
H), 3.34 (dd, J = 2.1, 14.0, 1 H), 3.28 (dd, J = 6.5, 11.4, 1 H), 3.12 (dd, J = 
9.2, 16.1, 1 H), 2.67 (t, J = 9.2, 1 H), 2.42 (ddd, J = 7.2, 13.8, 13.8, 1 H), 2.14 
(dd, J = 6.7, 13.4, 1 H), 2.09 (s, 3 H), 1.91-1.61 (m, 7 H), 1.52-1.46 (m, 2 H), 
1.40-1.37 (m, 6 H), 0.93 (t, J = 7.1, 3 H) 
 MS: (ESI, Q-tof) 
393 (31), 392 (100) 
 Mol. Formula: C27H38BrNO (472.50) 
 HRMS: C27H38NO
+
:  (392.2953) 
Calcd:  392.2953 
Found:  392.2950 
 TLC: Rf  0.30  (CH2Cl2/MeOH, 9:1) [I2]
298 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-(9-anthracenylmethyl)-
7b-methylcyclopenta[gh]pyrrolizinium Bromide (III{3,4}) [NDG-VIII-68] 
V 
Data for III{3,4}: 
 Yield: 76 mg (73%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.85 (d, J = 8.5, 1 H), 8.66 (m, 1 H), 8.08 (d, J = 8.2, 2 H), 7.81 (t, J = 6.9, 1 
H), 7.55 (m, 3 H), 5.87 (d, J = 13.7, 1 H), 5.71 (d, J = 13.7, 1 H), 4.22 (d, J = 
14.1, 1 H), 4.13 (d, J = 3.3, 1 H), 4.07 (dt, J = 6.3, 12.3, 1 H), 3.84 (m, 1 H), 
3.80 (td, J = 6.8, 8.9, 2 H), 3.59 (td, J = 6.4, 9.0, 1 H), 3.14 (m, 1 H), 2.76 (t, 
J = 9.3, 1 H), 2.62 (dd, J = 5.9, 11.7, 1 H), 2.23 (s, 1 H), 2.06 (m, 4 H), 1.83 
(m, 5 H), 1.42 (m, 6 H), 0.92 (t, J = 7.1, 3 H) 
 MS: (ESI, Q-tof) 
442 (100) 
 Mol. Formula: C31H40BrNO (522.56) 
 HRMS: C31H40NO
+
: (442.3110) 
Calcd: 442.3110 
Found: 442.3110 
 TLC: Rf  0.35  (CH2Cl2/MeOH, 9:1) [I2]
299 
Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-(3,5-
bistrifluoromethylbenzyl)-7b-methyl-cyclopenta[gh]pyrrolizinium Bromide (III{3,5}) 
[NDG-VIII-69] 
 
Data for III{3,5}: 
 Yield: 97  mg (87%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.30 (s, 2 H), 7.98 (s, 1 H), 5.87 (d, J = 12.2, 1 H), 5.27 (ddd, J = 6.3, 12.1, 
12.3, 1 H), 4.73 (d, J = 12.2, 1 H), 3.96 (d, J = 3.2, 1 H), 3.68 (m, 2 H), 3.46 
(m, 2 H), 3.24 (dd, J = 6.6, 11.1, 1 H), 3.06 (dd, J = 8.7, 15.8, 1 H), 2.69 (dd, 
J = 9.1, 9.1, 1 H), 2.45 (m, 1 H), 2.16 (m, 1 H), 2.11 (s, 3 H), 1.86 (m, 4 H), 
1.67 (m, 3 H), 1.42 (dd, J = 7.3, 14.8, 2 H), 1.33 (m, 4 H), 0.90 (t, 3 H, J = 
7.1) 
 MS: (ESI, Q-tof) 
479 (26), 478 (100) 
 Mol. Formula: C25H34BrF6NO (558.44) 
 HRMS: C25H34F6NO
+
: (478.2545) 
Calcd: 478.2545 
Found: 478.2541 
 TLC: Rf  0.29  (CH2Cl2/MeOH, 9:1) [I2]
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Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-hexyl-7b-methyl-
cyclopenta[gh]pyrrolizinium Bromide (III{3,6}) [NDG-IX-75] 
 
Data for III{3,6}: 
 Yield: 115 mg (94%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
4.16 (td, J = 5.0, 9.7, 1 H), 3.92 (d, J = 12.2, 2 H), 3.45 (m, 6 H), 2.72 (dt, J = 
5.9, 9.7, 1 H), 2.50 (t, J = 7.7, 1 H), 2.29 (td, J = 7.4, 14.9, 1 H), 2.08 (m, 2 
H), 1.81 (m, 6 H), 1.70 (s, 3 H), 1.52 (m, 7 H), 1.28 (ddd, J = 5.9, 11.0, 25.6, 
13 H), 0.89 (t, J = 5.7, 6 H) 
 MS: (ESI, Q-tof) 
337 (28), 336 100) 
 Mol. Formula: C22H42BrNO (416.48) 
 HRMS: C22H42NO
+
: (336.3266) 
Calcd: 336.3266 
Found: 336.3256 
 TLC: Rf  0.42  (CH2Cl2/MeOH, 9:1) [I2]
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Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-hexyloxy-3-hexyl-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (III{4,1}) [NDG-IX-72] 
 
Data forIII{4,1} : 
 1
H-NMR: (500 MHz, CDCl3) 
7.70 (m, 2 H)  5.24 (d, 1 H, J = 12.2)  7.45 (m, 3H)  5.15 (d, 1 H, J = 9.7)  
4.96 (dd, 1 H, J = 6.3, 11.7)  4.88 (m, 2 H)  4.58 (dd, 1 H, J = 5.6, 13.1)  
4.30 (dd, 1 H, J = 4.0, 8.0)  3.77 (m, 2 H)  3.58 (ddd, 2 H, J = 2.9, 6.1, 8.4)  
3.38 (m, 3 H)  3.24 (ddd, 1 H, J = 7.1, 12.8, 12.5)  3.07 (m, 1 H)  2.67 (m, 1 
H)  2.39 (m, 1 H)  2.15 (m, 1 H)  2.04 (d, 3 H, J = 15.5)  1.77 (m, 5 H) 4.00 
(S, 1 H) 
 MS: (ESI, Q-tof) 
346 (100) 
 Mol. Formula: C21H32BrNO3 (426.39) 
 HRMS: C21H32NO3, (346.2482) 
Calcd: 346.2382 
Found: 346.2372 
 TLC: Rf  0.26  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of Quaternary Ammonium Bromides III{5,1-6}  
 
 Following General Procedure (II, amino borane III{5} (252 mg, 96 mmol) was added to 
a 100-mL round-bottomed flask as a solution in 33 mL of MeOH (0.03 M).  The flask was fitted 
with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 N aq. HCl 
solution (4.8, 5.0 equiv) was added via syringe.  The resulting solution was heated and then 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure (II.  
The resulting free amine was dissolved in acetonitrile and was distributed among six test tubes 
that were subsequently charged with benzyl bromide (tube 1, 22 µL, 0.18 mmol, 1.1 equiv), 1-
bromomethylnaphthalene (tube 2, 44 mg, 0.2 mmol, 1.1 equiv), 2-bromomethylnaphthalene 
(tube 3, 58 mg, 0.26 mmol, 1.1 equiv), 3,5-bis(trifluoromethyl)benzyl bromide (44 µL, 0.24 
mmol, 1.2 equiv), 9-bromomethylanthracene (tube 5, 65 mg, 0.24 mmol, 1.2 equiv), 1-
bromohexane (tube 6, 34 µL, 0.24 mmol, 1.2 equiv).  After being agitated for 12 h, the reaction 
mixtures were worked up and the products isolated and purified as described in General 
Procedure (II. 
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Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyloxy)-3-benzyl-7b-
methylcyclopenta[gh]pyrrolizinium Bromide (III{5,1}) [NDG-VIII-83] 
 
Data for III{5,1}: 
 Yield: 50 mg (73%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.19 (d, J = 3.7, 1 H), 7.77-7.74 (m, 1 H), 7.48 (d, J = 7.3, 2 H), 7.41 (dd, J = 
7.3, 7.3, 1 H), 7.34 (dd, J = 7.1, 7.1, 2 H), 7.06 (dd, J = 5.1, 6.9, 1 H), 6.94 (d, 
J = 8.2, 1 H), 5.47 (s, 1 H), 5.43 (d, J = 12.2, 1 H), 5.18 (s, 1 H), 4.55 (d, J = 
11.5, 1 H), 4.25 (d, J = 14.0, 1 H), 3.38 (d, J = 13.9, 1 H), 3.22 (d, J = 30.4, 2 
H), 2.78 (dd, J = 8.8, 8.8, 1 H), 2.50 (s, 1 H), 2.30 (ddd, J = 7.1, 7.1, 13.9, 1 
H), 2.14 (s, 3 H), 1.95-1.70 (m, 4 H) 
 MS: (ESI, Q-tof) 
336 (28), 335 (100) 
 Mol. Formula: C22H27BrN2O (415.37) 
 HRMS: C22H27N2O
+
: (335.2123) 
Calcd: 335.2123 
Found: 335.2114 
 TLC: Rf  0.23  (CH2Cl2/MeOH, 9:1) [I2]
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Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyloxy)-3-(1-naphthylmethyl)-
7b-methylcyclopenta[gh]pyrrolizinium Bromide (III{5,2}) [NDG-IX-71 and 8-84] 
 
Data for III{5,2}: 
 Yield: 69 mg (74%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.50 (d, J = 8.7, 1 H), 8.24 (d, J = 7.2, 1 H), 8.16 (dd, J = 1.5, 4.8, 1 H), 7.92 
(d, J = 8.2, 1 H), 7.86 (d, J = 8.1, 1 H), 7.79 (ddd, J = 2.0, 8.4, 8.4, 1 H), 
7.50-7.47 (m, 1 H), 7.43 (dd, J = 7.5, 7.5, 1 H), 7.28-7.24 (m, 1 H), 7.05 (dd, 
J = 8.1, 14.2, 2 H), 5.58 (dd, J = 8.2, 15.4, 2 H), 5.29 (d, J = 12.7, 1 H), 5.17 
(ddd, J = 6.2, 12.2, 12.3, 1 H), 4.17 (s, 1 H), 3.61 (s, 1 H), 3.51 (dd, J = 3.7, 
14.6, 1 H), 3.26 (d, J = 3.5, 1 H), 3.15 (dd, J = 6.1, 11.3, 1 H), 2.78 (dd, J = 
7.8, 7.8, 1 H), 2.40 (ddd, J = 7.5, 14.0, 13.4, 1 H), 2.32-2.24 (m, 1 H), 2.22 (s, 
3 H), 1.96-1.71 (m, 5 H), 1.34 (dd, J = 2.0, 5.5, 1 H), 1.23 (ddd, J = 1.6, 7.1, 
7.1, 1 H) 
 13
C-NMR: (199 MHz, CDCl3) 
161.5, 147.2, 139.828, 134.622, 134.060, 132.768, 131.454, 129.263, 127.352, 
126.072, 125.467, 125.248, 123.422, 118.403, 111.124, 99.050, 77.959, 
65.814, 64.560, 62.109, 59.524, 57.862, 52.087, 29.802, 29.042, 27.195, 
24.355 
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 MS: (ESI, Q-tof) 
385 (100) 
 Mol. Formula: C26H29BrN2O (465.43) 
 HRMS: C26H29N2O
+
: (385.2280) 
Calcd: 385.2280 
Found: 385.2275 
 TLC: Rf  0.26  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyloxy)-3-(2-naphthylmethyl)-
7b-methylcyclopenta[gh]pyrrolizinium Bromide (III{5,3}) [NDG-8-60] 
 
Data for III{5,3}: 
 Yield: 103 mg (91%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.22 (dd, J = 1.5, 4.8, 1 H), 7.83 (m, 3 H), 7.69 (dd, J = 1.5, 8.5, 1 H), 7.61 (s, 
1 H), 7.52 (m, 3 H), 7.16 (dd, J = 5.1 7.1, 1 H), 7.05 (d, J = 8.0, 1 H), 5.64 (d, 
J = 12.0, 1 H), 5.46 (s, 1 H), 5.36 (ddd, J = 6.4, 12.3, 12.2, 1 H) 4.66 (d, J = 
12.1, 1 H), 4.35 (dd, J = 1.7, 14.4, 1 H), 3.32 (dd, J = 2.7, 14.2, 1 H), 3.24 
(ddd, J = 7.2, 7.2, 14.4, 2 H), 2.83 (dd, J = 9.0, 9.0, 1 H), 2.54-2.48 (m, 1 H), 
2.31 (ddd, J = 7.6, 7.6, 14.9, 1 H), 2.22 (s, 3 H), 1.96-1.66 (m, 4 H) 
 MS: (ESI, Q-tof) 
385 (100) 
 Mol. Formula: C26H29BrN2O (465.43) 
 HRMS: C26H29N2O
+
: (385.2280) 
Calcd: 385.2280 
Found: 385.2276 
 TLC: Rf  0.21  (CH2Cl2/MeOH, 9:1) [I2] 
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Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyloxy)-3-(9-
anthracenylmethyl)-7b-methylcyclopenta[gh]pyrrolizinium Bromide (III{5,4}) [NDG-VIII-
61] 
 
Data for III{5,4}: 
 Yield: 68 mg (66%), free-flowing yellow powder 
 1
H-NMR: (500 MHz, CDCl3) 
RotamerS:Data for Major is below 
8.99 (d, J = 9.3, 1 H), 8.66 (s, 1 H), 8.61 (d, J = 9.0, 1 H), 8.22 (d, J = 4.0, 1 
H), 8.09 (d, J = 8.6, 2 H), 7.92 (m, 1 H), 7.84 (m, 1 H), 7.62 (m, 1 H), 7.44 
(dd, J = 7.1, 7.1, 1 H), 7.15 (m, 2 H), 6.01 (d, J = 13.8, 1 H), 5.96 (d, J = 
13.8, 1 H), 5.68 (d, J = 3.2, 1 H), 4.39 (m, 2 H), 3.62 (dd, J = 4.2, 14.5, 1 H), 
3.40 (m, 1 H), 2.91 (dd, J = 8.2, 8.2, 1 H), 2.72 (dd, J = 6.0, 12.1, 1 H), 2.40 
(m, 2 H), 1.93 (m, 2 H), 1.89 (s, 3 H), 1.83 (m, 1 H) 
 MS: (ESI, Q-tof) 
436 (32), 435 (100) 
 Mol. Formula: C30H31BrN2O (515.48) 
 HRMS: C30H31N2O
+
: (435.2436) 
Calcd: 435.2436 
Found: 435.2426 
 TLC: Rf  0.23  (CH2Cl2/MeOH, 9:1) [I2]
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Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyloxy)-3-(3,5-
bistrifluoromethylbenzyl)-7b-methylcyclopenta[gh]pyrrolizinium Bromide (III{5,5})  
 
Data for III{5,5}: 
 Yield: 97 mg (88%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.18 (d, J = 4.9, 1 H), 7.98 (s, 2 H), 7.90 (s, 1 H), 7.79 (dd, J = 6.8, 6.8, 1 H), 
7.11 (dd, J = 4.4, 6.9, 1 H), 6.96 (d, J = 8.2, 1 H), 6.11 (d, J = 12.3, 1 H), 
5.52-5.43 (m, 2 H), 4.56 (d, J = 12.3, 1 H), 4.08 (dd, J = 6.7, 12.6, 1 H), 3.5-
3.42 (m, 1 H), 3.17 (dd, J = 6.6, 10.7, 2 H), 2.85 (dd, J = 8.6, 8.6, 1 H), 2.51 
(s, 1 H), 2.32 (dd, J = 5.5, 11.8, 1 H), 2.25 (s, 3 H), 1.98-1.77 (m, 4 H) 
 MS: (ESI, Q-tof) 
471 (100), 472 (30) 
 Mol. Formula: C24H25BrF6N2O (551.36) 
 HRMS: C24H25F6N2O
+
: (471.1871) 
Calcd: 471.1871 
Found: 471.1865 
 TLC: Rf  0.20  (CH2Cl2/MeOH, 9:1) [I2]
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Preparation of rel-(1R,3R,5aS,7aS,7bR) Octahydro-1-(2-pyridyloxy)-3-hexyl-7b-methyl-
cyclopenta[gh]pyrrolizinium Bromide (III{5,6}) [NDG-VIII-85] 
 
Data for III{5,6}: 
 Yield: 44 mg (54%), free-flowing white powder 
 1
H-NMR: (500 MHz, CDCl3) 
8.14 (ddd, J = 0.6, 1.9, 5.0, 1 H), 7.65 (ddd, J = 2.0, 7.2, 8.3, 1 H), 6.98 (ddd, 
J = 0.8, 5.0, 7.1, 1 H), 6.73 (d, J = 8.3, 1 H), 5.44 (d, J = 3.0, 1 H), 4.17-3.99 
(m, 4 H), 3.71 (ddd, J = 4.9, 11.7, 11.5, 1 H), 3.48 (dt, J = 3.9, 12.2, 1 H), 
2.93-2.88 (m, 1 H), 2.67 (t, J = 8.0, 1 H), 2.42 (ddd, J = 7.3, 14.4, 14.4, 1 H), 
2.28-2.20 (m, 1 H), 2.10-2.01 (m, 1 H), 1.95-1.85 (m, 4 H), 1.84 (s, 3 H), 1. 
49 -1.43(m, 1 H), 1.26-1.17 (m, 5 H), 0.83 (t, J = 6.9, 3 H) 
 MS: (ESI, Qtof) 
329 (100), 330 (29) 
 Mol. Formula: C21H33BrN2O (409.40) 
 HRMS: C21H33N2O
+
: (329.2593) 
Calcd: 329.2593 
Found: 329.2580 
 TLC: Rf  0.33  (CH2Cl2/MeOH, 9:1) [I2] 
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 Preparation of Quaternary Ammonium Bromides VI{1,2,4} 
 
 Following General Procedure (II, amino borane S5 (453 mg, 3.0 mmol) was added to a 
100-mL round-bottomed flask as a solution in 100 mL of MeOH (0.03 M).  The flask was fitted 
with a reflux condenser, a magnetic stir bar, and a nitrogen inlet adapter.  Lastly, 1.0 N aq. HCl 
solution (15 mL, 5.0 equiv) was added via syringe.  The resulting solution was heated and then 
concentrated by rotary evaporation (15 mm Hg, 20-25 
o
C) as described General Procedure (II.  
The resulting free amine was dissolved in acetonitrile and was distributed among three test tubes 
that were subsequently charged with benzyl bromide (tube 1, 142 L, 1.2 mmol, 1.2 equiv), 1-
bromomethylnaphthalene (tube 2, 308 mg, 1.4 mmol, 1.2 equiv), 9-bromomethylanthracene 
(tube 4, 179.5mg, 0.662 mmol, 1.0 equiv).  After being agitated for 12 h, the reaction mixtures 
were worked up and the products isolated and purified as described in General Procedure (II. 
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Preparation of (rel)-(1S,3aS,5aR,5bR)-1-Benzyl-5b-methylcyclopenta[ef]-azoniabicyclo 
[3.2.0]heptane Bromide (VI{1}) [NDGII-47-5] 
 
Data for VI{1}: 
 Yield: 33 mg (87%), free-flowing white powder 
 mp: 222-223˚C (CH3CN/Et2O, decomposition) 
 1
H-NMR: (500 MHz, CDCl3) 
7.78 (d, J = 8.2, 2 H, HC(12)), 7.323-7.244 (m, 1 H, HC(13), 1 H, HC(14)), 
5.31 (d, J = 12.1 1 H, HC(10)), 5.09 (t, J = 12.0  1 H, HC(1)), 4.72 (d, J = 
12.1, 1 H, HC(10)), 4.18 (dt, J = 12.1, 4.77, 1 H, HC(7)), 3.31-3.29 (m, 1 H, 
HC(2)), 3.07 (dd, J = 6.3, 12.0 1 H, HC(1)), 3.00 (dd, 1 H, HC(6)), 3.08-2.86 
(m, 2 H, HC(5), HC(7)), 2.40 (p, J = 7.05, 1 H, HC(3)), 2.03-1.94 (m, 2 H, 
HC(3), HC(4)), 1.923 (s, 3 H, H3C(9)), 1.90-1.72 (m, 2 H, HC(4), HC(6)) 
 MS: (ESI, Q-tof) 
230 (2), 229 (17), 228 (100) 134 (5), 91 (9) 
 TLC: Rf  0.12  (CH2Cl2/MeOH, 9:1) [I2] 
 Mol. Formula: C16H22BrN (308.26) 
 Analysis: C16H22N
+
  (228.17) 
  Calcd: C, 62.34; H, 7.19; N, 25.90 % 
  Found: C, 62.01; H, 6.79; N, 26.01 % 
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Preparation of (rel)-(1S,3aS,5aR,5bR)-1-(1-Naphthylmethyl)-5b-methylcyclopenta[ef]-
azoniabicyclo[3.2.0]heptane Bromide VI{2} [NDG-II-63-4] 
 
Data for VI{2}: 
 Yield: 217 mg (52%), free-flowing white powder 
 mp: 182-183˚C (CH3CN/Et2O, decomposition) 
 1
H-NMR: (500 MHz, CDCl3) 
8.47 (d, J = 8.8, 1 H, HC(19)), 8.13 (d, J = 7.1, 1 H, HC(13)), 7.80 (d, J = 8.1, 
1 H, HC(12)), 7.61 (t J = 7.7, 1 H, HC(14)), 7.48 (t J = 7.4, 1 H, HC(18)), 
7.38 (t J = 7.7, 1 H, HC(17)), 5.70 (d, J = 13.2, 1 H, HC(10)), 5.31 (d, J = 
13.2, 1 H, HC(10)), 5.18 (t J = 11.1, 1 H, HC(1)), 4.21 (dt J = 11.84, 7.08, 1 
H, HC(7)), 3.421-3.364 (m, 1 H, HC(2)), 3.07 (dd, J = 11.8, 5.29, 1 H, 
HC(1)), 3.03-2.97 (m, 1 H, HC(5)), 2.90 (dd, 11.71, 6.6 1 H, HC(7)), 2.41 (p, 
7.3 1 H, HC(6)), 2.1 196 s, 3 H, HC(9)), 2.18-2.0 (m, 1 H, HC(6)), 1.8-1.95 
(m, 5 H, HC(3, 6)), HC(4)), HC(6)) 
 MS: (ESI, Q-tof) 
279 (10), 278 (100) 
 Mol. Formula: C20H24BrN 358.31 
 HRMS: C20H24N
+
,  (278.1909) 
  Calcd: (278.1909 
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  Found: 278.1904 
 TLC: Rf  0.15  (CH2Cl2/MeOH, 9:1) [I2] 
 
Preparation of (rel)-(1S,3aS,5aR,5bR)-1-(2-Naphthylmethyl)-5b-methycyclopenta[ef]-
azoniabicyclo[3.2.0]heptane Bromide VI{3} [NDG-13-6-4A] 
 
Data for VI{3}: 
 1
H-NMR: (500 M, CHCl3) 
8.30 (s, 1 H), 7.77 (m, 4 H), 7.46 (m, 2 H), 5.56 (d, 1 H, J = 12.2), 5.19 (t, 1 
H, J = 10.9), 4.97 (d, 1 H, J = 12.2), 4.22 (dt, 1 H, J = 7.6, J = 11.9), 3.38 (td, 
1 H, J = 4.7, J = 13.3), 3.03 (m, 2 H), 2.94 (dd, 1 H, J = 8.0, J = 13.1), 2.46 
(td, 1 H, J = 7.5, J = 14.8), 2.12 (m, 1 H), 2.05 (s, 3 H), 1.84 (m, 4 H) 
 MS: (ESI, Q-tof) 
279.2 (32), 278.2 (100), 149.0(8) 
 Mol. Formula: C20H24NBr 358.32 
 HRMS: (C20H24N
+
, 278.1909) 
 Calcd: 278.1909 
 Found: 278.1917 
 TLC: Rf  0.17  (CH2Cl2/MeOH, 9/1) [I2] 
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6.4.8. Kinetic Analyses of Quaternary Ammonium Bromide Catalysts 
Organization 
The kinetic data for each run is consistently reported as follows: (1) a table of the raw 
data for each run containing; time, mol of standard, area of standard, area of product, and the 
corresponding conversion as both mols and % of product. (2) a plot of % conversion vs. time 
including a fitted curve, associated equation and associated error, (3) the interpolated half life for 
each run of each catalyst.  The replicated runs for each catalyst are on consecutive pages.  After 
the last run of each set, the average half-life observed over all runs is given. The kinetic runs are 
organized in the order they are presented in the text.  The data is summarized in tabular form 
along with associated error on page 206. 
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6.4.8.1. General Kinetic Analysis Procedure (Half-Life Determinations) 
N
Ot-Bu
O
Ph
Ph
50% KOH (aq)
cat (0.025 equiv)
1600 rpm
BnBr (1.2 equiv)
toluene, 2-4 oC
(cold room)
N
Ot-Bu
O
Ph
Ph
Ph
 
A 2–mL scintillation vial was fitted with a Teflon lined rubber septum and tert-butyl 2-
(diphenylmethyleneamino) acetate (100 mg, 0.0.34 mmol), and quaternary ammonium salt x (x.x 
mg, 0.025 equiv) were added. The liquid reagents, toluene (0.40 mL) and benzyl bromide (87.1 
mg, 0.41 mmol, 1.2 equiv) were added via syringe from stock solutions. Then, a 1.5 cm egg-
shaped a magnetic stir bar was placed in the vial, which was then transferred to a cold room that 
maintained the temperature at 2-4 
o
C.  The reaction mixture was allowed to equilibrate for at 
least 1 h with stirring.  Lastly, 50% aq. KOH (8.9 M, 0.66 mL, x  mmol, 17.8 equiv) was added 
and the stir rate was set to 1600 rpm.  Aliquots were taken at the indicated times and analyzed as 
follows.  Three seconds prior to the indicated time interval, the stirrer was turned off.  At the 
indicated time interval a 5-7 µL aliquot of the organic layer was removed and then was injected 
into acetonitrile (1-1.2 mL) containing glacial acetic acid (~5 µL).  This clear solution was 
filtered through a small plug of silica gel (0.5 x 1 cm) and the filtrate was analyzed by Reverse 
Phase-HPLC Method 1. 
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Analysis and Response Factors 
Eq 6.1: Response factor for X =  (mmol 3 * area internal standard ) 
  (mmol internal standard * area 3) 
(mmol internal standard *  
 
 
mmol 
Product
Area 
Product
mmol 
Standard
Area 
Standard
Response 
factor
2.34E-04 15.4376 9.73E-04 83.0799 1.296
2.34E-04 15.6277 9.73E-04 83.2519 1.283
2.34E-04 15.5967 9.73E-04 83.6868 1.292
2.34E-04 15.5909 9.73E-04 83.0982 1.283
3.90E-04 23.6288 9.73E-04 75.6462 1.285
3.90E-04 23.1749 9.73E-04 75.2265 1.302
3.90E-04 23.7759 9.73E-04 75.5066 1.274
3.90E-04 23.2827 9.73E-04 75.8688 1.308
6.25E-04 32.9563 9.73E-04 66.1806 1.289
6.25E-04 33.5899 9.73E-04 65.0608 1.244
6.25E-04 33.3643 9.73E-04 65.7796 1.266
6.25E-04 32.0052 9.73E-04 63.2008 1.268
7.81E-04 37.1393 9.73E-04 58.0562 1.254
7.81E-04 36.6825 9.73E-04 57.7248 1.263
7.81E-04 36.9887 9.73E-04 57.9599 1.257
7.81E-04 38.5104 9.73E-04 60.0839 1.252
9.37E-04 40.9315 9.73E-04 53.3471 1.255
9.37E-04 40.8334 9.73E-04 52.9797 1.249
9.37E-04 40.3293 9.73E-04 54.0078 1.290
9.37E-04 40.7821 9.73E-04 53.4912 1.263
Average 
Response 
Factor 1.274
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Kinetic data for Library I: Table 2.3 in Text 
 Table 2.3 entry 1. catalyst I{1}: run 1 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.31 29.98 0.00 0.00 0.00 
1 256.31 30.93 0.00 0.00 0.00 
2 256.31 27.51 0.04 0.42 0.12 
3 256.31 28.44 0.08 0.85 0.25 
5 256.31 27.98 0.21 2.29 0.68 
6 256.31 29.09 0.34 3.46 1.02 
7 256.31 29.63 0.49 4.93 1.46 
8 256.31 29.88 0.67 6.72 1.99 
9 256.31 29.61 0.84 8.43 2.49 
10 256.31 26.49 0.99 11.21 3.31 
15 256.31 29.58 1.58 15.93 4.71 
30 256.31 30.06 2.29 22.75 6.73 
60 256.31 30.55 3.31 32.28 9.54 
480 256.31 27.50 9.05 101.10 29.86 
610 256.31 27.88 10.57 116.54 34.42 
1210 256.31 30.90 14.66 145.79 43.06 
2160 256.31 30.84 18.92 188.48 55.67 
2790 256.31 31.62 21.63 210.22 62.09 
3600 256.31 33.02 24.45 227.53 67.21 
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Model ExpDec1
Equation
y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
2.55525
Adj. R-Sq 0.99525
Value Standard
product, y0 73.472 1.55452
product, A1 -72.74 1.53609
product, t1 823.34 38.96965
 
Half Life: 696 
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 Table 2.3 entry 1. catalyst I{1}: run 2 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.31 27.97 0.00 0.00 0.00 
2 256.31 27.59 0.09 1.35 0.40 
3 256.31 28.48 0.05 0.64 0.19 
4 256.31 27.82 0.19 2.72 0.80 
5 256.31 29.15 0.25 3.34 0.98 
6 256.31 29.67 0.36 4.84 1.43 
7 256.31 28.32 0.49 6.90 2.03 
8 256.31 29.42 0.66 8.92 2.63 
9 256.31 28.60 0.78 10.83 3.19 
10 256.31 28.84 0.88 12.00 3.53 
15 256.31 29.31 1.23 16.57 4.88 
30 256.31 29.64 1.93 25.73 7.58 
60 256.31 29.02 2.57 35.06 10.32 
480 256.31 27.56 7.71 85.94 25.39 
610 256.31 27.66 8.85 98.37 29.06 
795 256.31 28.12 10.31 112.66 33.28 
810 256.31 28.53 11.54 124.32 36.72 
990 256.31 28.55 8.64 93.01 27.47 
1210 256.31 28.42 16.05 173.59 51.27 
2160 256.31 29.15 20.84 219.73 64.91 
2790 256.31 30.23 22.99 233.73 69.04 
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Equation
y = A1*exp(-x
/t1) + A2*exp
(-x/t2) + y0
Reduced 
Chi-Sqr
5.73135
Adj. R-Squar 0.98905
Value Standard Err
product, % y0 80.32936 30.31975
product, % A1 -39.0198 --
product, % t1 1375.4133 1.44843E7
product, % A2 -39.0198 --
product, % t2 1375.2905 1.4481E7
 
Half Life: 1174 
Average: 940
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 Table 2.3 entry 2. catalyst I{2}: run 1 
 
time, 
min 
μmol 
standard 
area 
standard 
area 
product 
μmol 
product 
% 
product 
5 256.3144 30.4364 0.1062 1.037181 0.305446 
6 256.3144 30.1391 0.1433 1.413316 0.416217 
7 256.3144 30.3132 0.1832 1.796458 0.529051 
8 256.3144 30.2048 0.2425 2.386487 0.702812 
10 256.3144 30.3464 0.3277 3.209908 0.945307 
15 256.3144 30.7181 0.6491 6.28117 1.849783 
30 256.3144 30.6221 1.4203 13.78696 4.060211 
60 256.3144 30.4268 2.3138 22.60439 6.656915 
120 256.3144 31.1697 4.4459 42.39849 12.48621 
180 256.3144 31.1777 5.6883 54.23276 15.97136 
240 256.3144 30.9011 6.9891 67.23116 19.79934 
300 256.3144 31.9209 9.1663 85.35761 25.13752 
360 256.3144 31.4104 10.2999 97.47266 28.70536 
420 256.3144 31.2661 11.5189 109.5117 32.25082 
520 256.5189 27.8771 5.6462 62.24219 36.77019 
650 256.5189 27.2319 6.2521 70.55441 41.68072 
1100 256.5189 29.202 10.2005 107.3458 63.4156 
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y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.24068
Adj. R-Sq 0.99637
Value Standard 
% product y0 96.2714 6.80067
% product A1 -95.691 6.65961
% product t1 1062.30 109.1701
 
Half Life: 771.9 
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 Table 2.3 entry 2. catalyst I{2}: run 1 
 
time, 
min 
μmol 
standard 
area 
standard 
area 
product 
μmol 
product 
% 
product 
1 256.31 30.04 0.00 0.00 0.00 
3 256.31 30.15 0.06 0.60 0.18 
5 256.31 30.09 0.13 1.24 0.36 
6 256.31 29.90 0.16 1.61 0.47 
8 256.31 29.91 0.25 2.49 0.73 
15 256.31 30.46 0.65 6.39 1.88 
60 256.31 30.65 2.80 27.12 7.99 
120 256.31 30.61 5.12 49.76 14.65 
180 256.31 32.66 7.95 72.32 21.30 
240 256.31 30.84 9.51 91.65 26.99 
300 256.31 32.80 11.80 106.96 31.50 
360 256.31 32.56 13.02 118.89 35.01 
420 256.31 32.27 14.45 133.10 39.20 
480 256.52 27.37 6.18 69.38 40.99 
610 256.52 29.32 7.29 76.36 45.11 
795 256.52 29.17 8.01 84.44 49.89 
810 256.52 29.17 8.01 84.44 49.89 
990 256.52 28.55 8.64 93.01 54.95 
1210 256.52 29.60 9.60 99.71 58.91 
 
0 200 400 600 800 1000 1200 1400
0
10
20
30
40
50
60
 % product
 ExpDec1 Fit of % product
%
 p
ro
d
u
c
t
time, min
Model ExpDec1
Equation
y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
0.58655
Adj. R-Sq 0.99871
Value Standard 
% product y0 60.147 0.78142
% product A1 -60.378 0.76297
% product t1 414.72 12.65639
 
Half Life: 739.64 
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 Table 2.3 entry 4. catalyst I{4}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 257.75 30.39 0.00 0.00 0.00 
1 257.75 29.82 0.00 0.00 0.00 
2 257.75 29.39 0.07 0.75 0.22 
3 257.75 29.71 0.12 1.19 0.35 
4 257.75 29.43 0.17 1.70 0.50 
5 257.75 29.72 0.23 2.36 0.70 
7 257.75 30.21 0.33 3.25 0.96 
8 257.75 29.83 0.39 3.94 1.16 
9 257.75 29.97 0.45 4.53 1.34 
60 257.75 30.85 3.73 36.25 10.70 
120 257.75 30.84 6.36 61.91 18.27 
180 257.75 31.28 9.48 90.90 26.82 
240 257.75 31.61 12.85 122.02 36.01 
300 257.75 31.49 16.61 158.23 46.69 
427 257.75 31.15 23.96 230.70 68.08 
480 257.75 31.56 26.70 253.85 74.91 
540 257.75 31.24 28.46 273.23 80.63 
600 257.75 31.35 30.10 288.06 85.00 
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Equation y = A1*exp(-
x/t1) + y0
Reduced Chi
-Sqr
2.4053
Adj. R-Squar 0.99763
Value Standard Err
product y0 369.82889 123.0504
product A1 -370.1063 122.85569
product t1 2200.4222 822.82951
 
Half Life: 321.3 
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 Table 2.3 entry 4. catalyst I{4}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 257.7522 29.4638 0 0 0 
1 257.7522 29.5469 0 0 0 
2 257.7522 29.5521 0.0591 0.599963 0.176511 
3 257.7522 29.3369 0.0941 0.962279 0.283106 
4 257.7522 30.0353 0.1363 1.361412 0.400532 
5 257.7522 29.8913 0.1759 1.765414 0.51939 
6 257.7522 29.7562 0.2204 2.22208 0.653743 
7 257.7522 29.9552 0.2632 2.635962 0.775509 
8 257.7522 30.32069 0.3131 3.097915 0.911417 
9 257.7522 30.0904 0.3524 3.513448 1.033667 
10 257.7522 30.3135 0.4061 4.019041 1.182415 
60 257.7522 30.6243 2.7312 26.75549 7.87155 
120 257.7522 30.6287 4.7726 46.74681 13.75306 
180 257.7522 31.1597 7.5249 72.4491 21.31476 
240 257.7522 31.0941 10.8275 104.4662 30.73429 
300 257.7522 31.1928 14.6844 141.2301 41.55036 
430 257.7522 31.4828 22.9377 218.5758 64.30569 
480 257.7522 31.0005 25.0729 242.6394 71.3853 
540 257.7522 30.8724 27.5537 267.7534 78.77392 
600 257.7522 31.0833 29.9231 288.8052 84.96741 
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Equation y = A1*exp(-x/
t1) + y0
Reduced Chi-
Sqr
5.76002
Adj. R-Squar 0.99335
Value Standard Erro
product y0 -1.32645E 5.17628E7
product A1 1.32645E6 5.17628E7
product t1 -8.72037E 3.40288E8
 
Half Life: 328.7 
Average: 325.0
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 Table 2.3 entry 6. catalyst I{6}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 254.68 1.00 0.00 0.00 0.00 
2 254.68 27.26 3.15 34.27 10.02 
4 254.68 25.82 7.11 81.64 23.88 
8 254.68 26.97 14.05 154.42 45.16 
10 254.68 27.31 16.15 175.32 51.27 
15 254.68 28.34 19.38 202.76 59.30 
30 254.68 29.10 22.60 230.20 67.32 
60 254.68 29.62 23.13 231.48 67.70 
120 254.68 29.45 23.54 236.96 69.30 
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Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
5.76308
Adj. R-Squ 0.99166
Value Standard E
product, % y0 69.008 1.43863
product, % A1 -71.913 2.34197
product, % t1 7.7103 0.58116
 
 
Half Life: 10.3 
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 Table 2.3 entry 6. catalyst I{6}: run 1 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 254.68 1.00 0.00 0.00 0.00 
2 254.68 25.45 1.98 23.04 6.74 
4 254.68 25.97 4.66 53.23 15.57 
8 254.68 25.18 8.79 103.47 30.26 
10 254.68 25.61 11.09 128.32 37.53 
15 254.68 27.95 16.25 172.34 50.40 
30 254.68 28.54 22.26 231.21 67.62 
60 254.68 28.90 22.96 235.44 68.86 
120 254.68 29.99 24.10 238.20 69.66 
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Model ExpDec1
Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
5.71182
Adj. R-Sq 0.99234
Value Standard 
product, y0 70.882 1.64231
product, A1 -73.63 2.28561
product, t1 12.506 0.95763
 
Half Life: 15.8 
Average: 13.1 
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6.4.8.2. Kinetic data for Library II and III: Table 2.4 in Text 
 
Table 4. entry 1. catalyst II{1,1}: run 1 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
0 261.04 32.41 0 0 0 
15 261.04 32.02 1.1 10.45 3.09 
30 261.04 32.96 2.27 20.95 6.19 
45 261.04 32 3.69 35.03 10.35 
60 261.04 31.96 5.03 47.81 14.12 
75 261.04 32.65 6.67 62.09 18.34 
90 261.04 32.2 8.27 78.08 23.06 
120 261.04 32.37 11.24 105.47 31.15 
180 261.04 32.57 16.75 156.28 46.16 
240 261.04 32.37 21.27 199.63 58.97 
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y = A1*exp(-
x/t1) + y0
Reduced 
Chi-Sqr
0.7267
Adj. R-Squa 0.99804
Value Standard Err
product y0 430.0192 264.83654
product A1 -431.1620 264.43564
product t1 1580.598 1044.89695
 
Half Life: 199.6 
326 
Table 2.4. entry 1. catalyst II{1,1}: run 2 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
0 261.04 31.82 0 0 0 
15 261.04 30.65 1.13 11.16 3.29 
30 261.04 32.05 2.49 23.59 6.95 
45 261.04 31.77 4.16 39.83 11.74 
60 261.04 31.57 5.96 57.34 16.9 
75 261.04 32.47 8.06 75.43 22.24 
90 261.04 31.97 10.19 96.81 28.54 
120 261.04 31.81 13.98 133.57 39.37 
180 261.04 32.47 20.03 187.43 55.25 
240 261.04 33.52 25.03 226.86 66.87 
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y = A1*exp(-
x/t1) + y0
Reduced 
Chi-Sqr
1.16608
Adj. R-Squar 0.99743
Value Standard Err
product y0 117.7971 13.48927
product A1 -125.6080 12.12755
product t1 262.5372 45.76395
 
Half Life: 161.9 
Average: 180.7 
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Table 2.4. entry 2. catalyst II{1,2}: run 1 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
0 255.61 32.41 0 0 0 
15 255.61 32.02 1.1 10.23 3.02 
30 255.61 31.96 2.27 21.16 6.24 
45 255.61 32 3.69 34.31 10.11 
60 255.61 31.96 5.03 46.81 13.8 
75 255.61 32.65 6.67 60.8 17.92 
90 255.61 32.2 8.27 76.45 22.54 
120 255.61 32.37 11.24 103.28 30.44 
180 255.61 32.47 20.03 183.53 54.1 
240 255.61 32.37 21.27 195.48 57.62 
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Equation
y = A1*exp(-
x/t1) + y0
Reduced 
Chi-Sqr
12.39251
Adj. R-Squar 0.96758
Value Standard Err
product y0 129.9959 79.85363
product A1 -136.642 75.48736
product t1 354.9221 298.53935
 
Half Life: 190.0 
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Table 2.4. entry 2. catalyst II{1,2}: run 2 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
15 256.76 31.17 0.61 5.80 1.71 
30 256.76 31.32 1.91 18.22 5.37 
60 256.76 31.28 4.53 43.32 12.77 
90 256.76 31.30 7.58 72.39 21.34 
188 256.76 32.46 16.51 152.06 44.83 
248 256.76 32.81 21.02 191.41 56.43 
371 256.76 32.32 27.05 250.16 73.74 
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y = A1*exp(
-x/t1) + y0
Reduced 
Chi-Sqr
0.97792
Adj. R-Squ 0.99772
Value Standard E
% product y0 116.404 12.93234
% product A1 -123.710 11.68653
% product t1 268.720 45.12357
 
Half Life: 167.2 
Average: 178.6 
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Table 2.4. entry 3. catalyst II{1,4}: run 1 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
15 256.76 30.60 1.47 14.38 4.24 
30 256.76 31.62 2.48 23.44 6.91 
60 256.76 30.94 5.08 49.09 14.47 
90 256.76 31.40 6.99 66.56 19.62 
188 256.76 31.69 13.39 126.28 37.23 
248 256.76 31.48 16.53 156.96 46.27 
371 256.76 32.05 23.18 216.11 63.71 
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Equation y = A1*ex
p(-x/t1) + 
Reduced Ch
i-Sqr
0.32845
Adj. R-Squar 0.99936
Value Standard Err
product y0 135.4316 11.80581
product A1 -134.8813 11.60436
product t1 590.7759 68.7552
 
Half Life: 269.8 
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Table 2.4. entry 3. catalyst II{1,4}: run 2 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
15 256.76 30.98 1.09 10.48 3.09 
30 256.76 31.06 3.12 29.88 8.81 
60 256.76 30.98 5.84 56.17 16.56 
90 256.76 31.07 8.79 84.24 24.83 
188 256.76 31.76 17.07 160.07 47.19 
248 256.76 32.04 21.18 196.88 58.04 
371 256.76 31.85 27.43 256.48 75.61 
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Equation y = A1*e
xp(-x/t1) 
Reduced Ch
i-Sqr
0.35019
Adj. R-Squa 0.99955
Value Standard Err
product y0 124.2462 5.53549
product A1 -124.996 5.33818
product t1 391.6845 26.34462
 
Half Life: 325.6 
Average: 297.7 
331 
Table 2.4. entry 4. catalyst II{1,5}: run 1 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
0 256.76 31.31 0 0 0 
15 256.76 31.16 0.35 3.47 1.024 
30 256.76 30.92 1.34 13.44 3.962 
60 256.76 31.13 2.19 21.72 6.404 
90 256.76 31.23 3.40 33.59 9.904 
188 256.76 32.59 9.68 91.52 26.984 
248 256.76 33.42 14.06 129.66 38.22 
371 256.76 31.87 21.15 204.54 60.30 
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Equation y = A1*e
xp(-x/t1) 
Reduced Ch
i-Sqr
1.21892
Adj. R-Squa 0.99724
Value Standard Er
product y0 -99.9245 37.79552
product A1 99.1197 37.37249
product t1 -786.854 238.20587
 
Half Life: 325.6 
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Table 2.4. entry 4. catalyst II{1,5}: run 2 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
0 256.7617 31.1654 0 0 0 
15 256.7617 30.7068 0.6028 6.048535 1.78 
30 256.7617 31.2814 0.9197 9.058818 2.67 
60 256.7617 31.1384 1.7022 16.84325 4.96 
90 256.7617 31.0392 2.6373 26.17945 7.71 
188 256.7617 33.3188 7.6136 70.40641 20.78 
248 256.7617 32.0836 11.1906 107.4687 31.68 
371 256.7617 33.3422 19.134 176.8166 52.12 
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Equation y = A1*exp
(-x/t1) + y0
Reduced C
hi-Sqr
0.96478
Adj. R-Squ 0.997
Value Standard E
product y0 -42.9101 11.87871
product A1 42.5481 11.4978
product t1 -468.957 88.26379
 
Half Life: 366.3 
Average: 345.9 
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Table 2.4. entry 5. catalyst II{1,3}: run 1 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
15 256.8 31.17 0.61 5.8 1.709 
30 256.8 31.32 1.91 18.22 5.370 
60 256.8 31.28 4.53 43.32 12.768 
90 256.8 31.30 7.58 72.39 21.34 
188 256.8 32.45 16.51 152.06 44.82 
248 256.8 32.81 21.02 191.41 56.426 
371 256.8 32.31 27.05 250.16 73.743 
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Equation
y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
0.91415
Adj. R-Sq 0.99881
Value Standard 
product y0 127.02 10.71437
product A1 -130.9 10.18521
product t1 408.41 51.17029
 
Half Life: 216.9 
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Table 2.4. entry 5. catalyst II{1,3}: run 2 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
15 256.76 31.41 0.63 6.02 1.77 
30 256.76 31.27 1.67 15.94 4.70 
60 256.76 31.03 3.57 34.36 10.13 
90 256.76 30.91 5.85 56.61 16.69 
188 256.76 31.85 13.25 124.29 36.64 
248 256.76 31.62 16.73 158.15 46.62 
371 256.76 31.93 23.05 215.75 63.60 
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Model ExpDec1
Equation
y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
0.69066
Adj. R-S 0.99876
Value Standard
product y0 145.53 21.00895
product A1 -148.0 20.54439
product t1 622.86 117.7001
 
Half Life: 272.8 
Average: 244.8 
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Table 2.4. entry 6. catalyst III{1,3}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.41 28.69 0.00 0.00 0.00 
10 253.41 24.94 0.28 3.43 1.01 
15 253.41 23.97 0.65 8.23 2.42 
30 253.41 28.29 4.03 43.36 12.74 
60 253.41 27.72 12.24 134.25 39.46 
120 253.41 29.94 25.08 254.72 74.87 
180 253.41 30.50 27.76 276.85 81.37 
317 253.41 29.45 26.68 275.51 80.98 
502 253.41 29.18 26.79 279.20 82.06 
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Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
26.18488
Adj. R-Squ 0.97839
Value Standard 
product, % y0 84.1014 3.45684
product, % A1 -109.89 8.0969
product, % t1 60.5107 10.16632
 
Half Life: 70.8
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Table 2.4. entry 6. catalyst III{1,3}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.41 24.26 0.00 0.00 0.00 
2 253.41 27.40 0.00 0.00 0.00 
5 253.41 27.41 0.16 1.82 0.53 
10 253.41 27.19 0.60 6.68 1.96 
15 253.41 27.83 1.31 14.29 4.20 
30 253.41 28.16 4.90 52.92 15.55 
60 253.41 28.40 12.70 135.92 39.95 
120 253.41 28.88 23.17 244.02 71.72 
180 253.41 30.91 28.28 278.13 81.75 
317 253.41 31.42 29.15 282.12 82.92 
502 253.41 31.85 29.33 279.96 82.28 
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Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
22.33003
Adj. R-Squ 0.98407
Value Standard E
product, % y0 85.748 3.3996
product, % A1 -96.806 4.34823
product, % t1 74.063 10.29905
 
Half Life: 73.8 
Average: 72.3 
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Table 2.4. entry 7. catalyst II{2,1}: run 1 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
1 248.75 33.88 2.96 25.84 7.60 
2 248.75 34.60 5.17 44.19 13.00 
3 248.75 32.63 7.09 64.35 18.93 
4 248.75 33.38 8.82 78.24 23.02 
5 248.75 33.08 10.77 96.35 28.35 
6 248.75 32.46 12.46 113.65 33.44 
7 248.75 32.68 13.53 122.52 36.05 
8 248.75 31.73 14.73 137.45 40.44 
9 248.75 32.20 15.97 146.84 43.20 
10 248.75 31.80 16.78 156.19 45.95 
15 248.75 31.10 21.17 201.53 59.29 
30 248.75 30.27 26.08 255.08 75.04 
60 248.75 30.33 28.93 282.32 83.06 
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Equation y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
0.46243
Adj. R-Sq 0.99936
Value Standard 
product y0 92.197 0.62053
product A1 -91.45 0.66969
product t1 12.304 0.21294
 
Half Life: 9.5
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Table 2.4. entry 7. catalyst II{2,1}: run 2 
 
time, 
min 
mol 
standard 
area 
standard 
area 
product 
mol 
product 
product, 
% 
0 248.75 34.36 0.00 0.00 0.00 
1 248.75 33.90 2.85 24.89 7.32 
2 248.75 33.31 5.31 47.22 13.89 
3 248.75 32.75 7.31 66.05 19.43 
4 248.75 32.84 8.87 79.98 23.53 
6 248.75 32.23 12.43 114.16 33.59 
7 248.75 31.82 13.99 130.11 38.28 
8 248.75 31.58 14.82 138.90 40.87 
9 248.75 30.67 16.08 155.20 45.66 
10 248.75 31.05 17.41 165.98 48.83 
15 248.75 30.84 21.15 203.07 59.74 
30 248.75 30.36 25.50 248.62 73.15 
60 248.75 29.40 27.80 279.89 82.35 
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Equation y = A1*ex
p(-x/t1) + y
0
Reduced 
Chi-Sqr
1.16303
Adj. R-Sq 0.99811
Value Standard 
product y0 81.178 0.94044
product A1 -80.815 1.04878
product t1 11.269 0.34106
 
Half Life: 10.7 
Average: 10.1 
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Table 2.4. entry 8. catalyst II{2,2}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.75 34.60 0.00 0.00 0.00 
1 248.75 33.54 1.89 16.67 4.92 
2 248.75 33.98 3.42 29.77 8.79 
3 248.75 34.21 4.69 40.61 11.98 
4 248.75 33.89 5.94 51.92 15.32 
5 248.75 33.04 6.92 61.95 18.28 
6 248.75 32.97 7.97 71.53 21.11 
7 248.75 33.30 8.75 77.79 22.96 
8 248.75 33.61 9.79 86.20 25.44 
9 248.75 32.59 10.53 95.62 28.22 
10 248.75 32.71 10.91 98.68 29.12 
15 248.75 32.73 14.32 129.50 38.21 
30 248.75 31.51 19.53 183.50 54.15 
60 248.75 30.62 24.85 240.27 70.90 
 
0 10 20 30 40 50 60
-10
0
10
20
30
40
50
60
70
80
 product
 ExpDec1 of product
p
ro
d
u
c
t 
(%
)
time (min)
Model ExpDec1
Equation y = A1*exp(
-x/t1) + y0
Reduced C
hi-Sqr
1.57993
Adj. R-Squa 0.9957
Value Standard Er
product y0 73.4598 1.74637
product A1 -71.403 1.62932
product t1 20.6616 1.17674
 
Half Life: 23.0 
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Table 2.4. entry 8. catalyst II{2,2}: run 2 
 
time, 
min 
standard, 
mol 
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.75 31.48 0.00 0.00 0.00 
1 248.75 32.77 2.19 19.81 5.85 
2 248.75 33.57 4.45 39.22 11.57 
3 248.75 33.03 5.97 53.53 15.80 
4 248.75 32.00 7.27 67.26 19.85 
5 248.75 32.65 8.36 75.81 22.37 
6 248.75 31.07 9.71 92.51 27.30 
7 248.75 31.85 10.87 100.98 29.80 
8 248.75 31.84 12.49 116.07 34.25 
9 248.75 31.72 14.18 132.35 39.06 
10 248.75 31.58 15.26 143.03 42.20 
15 248.75 30.76 19.60 188.66 55.67 
30 248.75 30.66 24.42 235.81 69.58 
60 248.75 30.23 26.18 256.32 75.63 
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Equation y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
2.04745
Adj. R-Sq 0.99602
Value Standard 
product y0 77.176 1.34662
product A1 -77.71 1.42935
product t1 12.958 0.56876
 
Half Life: 13.6 
Average: 18.3 
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Table 2.4. entry 9. catalyst II{2,3}: run 1 
 
time, 
min 
standard, 
mol 
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.75 34.27 0.00 0.00 0.00 
1 248.75 32.85 1.73 15.57 4.65 
2 248.75 33.03 3.54 31.75 9.47 
3 248.75 32.71 5.02 45.42 13.55 
4 248.75 32.57 6.23 56.63 16.90 
5 248.75 33.28 8.06 71.69 21.39 
6 248.75 32.34 9.33 85.41 25.48 
7 248.75 31.74 10.74 100.17 29.89 
8 248.75 32.00 12.19 112.74 33.64 
9 248.75 31.46 13.08 123.11 36.73 
10 248.75 31.07 14.36 136.81 40.82 
15 248.75 31.01 18.34 175.10 52.24 
30 248.75 30.38 24.28 236.59 70.59 
60 248.75 29.84 26.98 267.67 79.86 
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Model MnMolecular
Equation y = A*( 1 - exp(-k*(x-xc)) )
Reduced 
Chi-Sqr
0.98611
Adj. R-Squa 0.99857
Value Standard Er
conversion
A 90.4732 1.02237
xc 0.21046 0.09542
k 0.06746 0.00187
 
Half Life: 12.1 
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Table 2.4. entry 9. catalyst II{2,3}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.75 34.27 0.00 0.00 0.00 
1 248.75 32.85 1.73 15.57 4.65 
2 248.75 33.03 3.54 31.75 9.47 
3 248.75 32.71 5.02 45.42 13.55 
4 248.75 32.57 6.23 56.63 16.90 
5 248.75 33.28 8.06 71.69 21.39 
6 248.75 32.34 9.33 85.41 25.48 
7 248.75 31.64 10.74 100.48 29.98 
8 248.75 32.00 12.19 112.74 33.64 
9 248.75 31.46 13.08 123.11 36.73 
10 248.75 31.07 14.36 136.81 40.82 
15 248.75 31.01 18.34 175.10 52.24 
30 248.75 30.38 24.28 236.59 70.59 
60 248.75 29.84 26.98 267.67 79.86 
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Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
0.80141
Adj. R-Squa 0.99857
Value Standard Er
product, %
y0 81.5766 0.92128
A1 -82.744 0.93722
t1 14.8140 0.41001
 
Half Life: 12.1 
Average: 12.1 
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Table 2.4. entry 10. catalyst II{3,1}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 254.29 35.20 0.00 0.00 0.00 
1 254.29 33.66 3.13 28.12 8.30 
2 254.29 34.81 5.45 47.35 13.97 
3 254.29 33.55 7.40 66.74 19.69 
4 254.29 34.17 9.11 80.69 23.81 
5 254.29 33.13 10.17 92.92 27.42 
6 254.29 32.86 11.45 105.41 31.10 
7 254.29 32.87 12.92 118.93 35.09 
8 254.29 32.45 13.78 128.47 37.91 
9 254.29 32.02 15.29 144.50 42.64 
10 254.29 31.62 16.17 154.80 45.68 
15 254.29 31.63 19.02 182.01 53.71 
30 254.29 30.32 24.56 245.11 72.33 
60 254.29 29.55 27.71 283.75 83.73 
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time (min)
Model ExpDec2
Equation
y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0
Reduced 
Chi-Sqr
0.88011
Adj. R-Square 0.99839
Value Standard Error
conversion y0 86.87144 2.12072
conversion A1 -18.00539 10.41419
conversion t1 4.44787 1.98071
conversion A2 -68.3114 9.12596
conversion t2 19.46673 3.71872
 
Estimate HL: 10.2
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Table 2.4. entry 10. catalyst II{3,1}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 254.29 33.37 0.00 0.00 0.00 
1 254.29 34.36 2.54 22.37 6.60 
2 254.29 33.72 4.43 39.71 11.72 
3 254.29 34.06 6.15 54.64 16.12 
4 254.29 32.59 7.46 69.25 20.43 
5 254.29 33.30 8.71 79.18 23.36 
6 254.29 32.77 9.86 91.02 26.86 
7 254.29 33.03 10.92 100.04 29.52 
8 254.29 32.28 11.92 111.76 32.98 
9 254.29 31.93 12.54 118.87 35.08 
10 254.29 32.03 13.69 129.35 38.17 
15 254.29 32.07 16.99 160.36 47.32 
30 254.29 32.37 23.36 218.41 64.45 
60 254.29 30.42 24.93 248.02 73.19 
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Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
0.69894
Adj. R-Sq 0.99837
Value Standard 
product, % y0 73.622 0.83549
product, % A1 -71.892 0.86108
product, % t1 14.212 0.41308
 
 
Estimate HL:  13.1 
Average: 
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Table 2.4. entry 11. catalyst III{3,1}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 254.68 1.00 0.00 0.00 0.00 
2 254.68 5246.43 981.50 57.18 16.80 
4 254.68 6969.22 2172.16 95.26 28.00 
8 254.68 6533.37 3134.95 146.65 43.10 
10 254.68 12830.30 7368.08 175.51 51.58 
15 254.68 7566.17 5201.24 210.09 61.75 
30 254.68 8187.01 6920.66 258.35 75.93 
60 254.68 7066.33 6010.43 259.95 76.40 
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y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.84065
Adj. R-Squ 0.9976
Value Standard 
product, % y0 77.510 1.10209
product, % A1 -76.717 1.42979
product, % t1 9.3687 0.42049
 
Half Life: 10.2 
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Table 2.4. entry 11. catalyst III{3,1}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 254.68 1.00 0.00 0.00 0.00 
2 254.68 6936.61 336.57 14.83 4.38 
4 254.68 7580.07 662.69 26.72 7.89 
8 254.68 25.48 5.52 66.24 19.57 
10 254.68 26.30 7.87 91.44 27.01 
15 254.68 27.07 13.20 148.99 44.01 
30 254.68 28.32 21.08 227.42 67.18 
60 254.68 28.49 23.78 255.06 75.34 
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Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
13.97507
Adj. R-Squ 0.98223
Value Standard Er
F y0 80.5139 4.92039
F A1 -89.077 4.96606
F t1 18.0301 2.97805
 
Half Life: 19.4 
Average: 14.8
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Table 2.4. entry 12. catalyst II{3,2}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0.00 248.75 33.44 0.00 0.00 0.00 
1.00 248.75 32.35 4.45 41.01 12.13 
2.00 248.75 32.04 7.37 68.66 20.30 
3.00 248.75 32.06 9.80 91.30 27.00 
4.00 248.75 31.77 11.90 111.86 33.08 
5.00 248.75 31.65 13.65 128.74 38.07 
6.00 248.75 31.06 15.52 149.16 44.10 
7.00 248.75 31.25 16.46 157.24 46.49 
8.00 248.75 30.16 17.81 176.30 52.13 
9.00 248.75 30.16 19.07 188.73 55.80 
10.00 248.75 30.60 20.23 197.34 58.35 
15.00 248.75 30.66 22.99 223.85 66.19 
60.00 248.75 29.96 28.10 279.96 82.78 
 
 
Half Life = 6.7minutes 
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Model ExpDec1
Equation
y = A1*exp(-x/t1) + 
y0
Reduced 
Chi-Sqr
12.65092
Adj. R-Squ 0.98337
Value Standard 
product
y0 95.444 2.85688
A1 -91.099 3.33786
t1 9.5669 0.79327
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Table 2.4. entry 12. catalyst II{3,2}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.75 32.29 0.00 0.00 0.00 
1 248.75 34.42 4.54 39.36 11.64 
2 248.75 33.17 7.44 66.93 19.79 
3 248.75 31.45 10.45 99.23 29.34 
4 248.75 31.16 12.33 118.13 34.93 
5 248.75 32.98 13.76 124.49 36.81 
6 248.75 30.58 16.63 162.35 48.00 
7 248.75 30.68 17.06 166.00 49.08 
8 248.75 31.01 17.78 171.20 50.62 
9 248.75 30.69 18.03 175.38 51.85 
10 248.75 31.27 19.31 184.38 54.52 
15 248.75 30.43 22.47 220.39 65.16 
30 248.75 29.15 27.12 277.74 82.12 
60 248.75 28.94 29.46 303.92 89.86 
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Equation
y = A1*exp
(-x/t1) + y0
Reduced 
Chi-Sqr
2.19722
Adj. R-Squ 0.99652
Value Standard E
% product y0 89.829 1.39204
% product A1 -87.614 1.57256
% product t1 8.2055 0.31174
 
Half Life: 6.5minutes 
Average = 6.6 
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Table 2.4. entry 13. catalyst III{3,2}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.41 7000.00 0.00 0.00 0.00 
2 253.41 7193.49 1234.12 52.17 15.41 
4 253.41 6989.26 2024.63 88.09 26.02 
6 253.41 8461.81 3254.70 116.96 34.55 
8 253.41 7411.34 3414.28 140.09 41.38 
10 253.41 7351.24 3852.63 159.37 47.07 
15 253.41 6787.63 4479.37 200.68 59.28 
30 253.41 7810.19 6932.36 269.91 79.73 
60 256.00 10441.00 9770.52 284.56 84.05 
120 253.41 9459.47 8708.45 279.95 82.69 
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Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
2.26695
Adj. R-Squ 0.99735
Value Standard E
product, % y0 84.1057 1.01372
product, % A1 -82.844 1.42704
product, % t1 11.9031 0.4908
 
Half Life: 10.6 
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Table 2.4. entry 13. catalyst {3,2}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.41 1.00 0.00 0.00 0.00 
2 253.41 6570.97 1320.14 61.09 18.05 
4 253.41 6539.37 2148.66 99.92 29.51 
6 253.41 7722.27 3398.77 133.84 39.53 
8 253.41 6862.59 3639.25 161.26 47.63 
10 253.41 8702.89 5325.88 186.09 54.97 
15 253.41 7931.59 5977.49 229.17 67.69 
30 253.41 7236.56 6440.79 270.65 79.94 
60 253.41 9385.54 8461.08 274.14 80.97 
120 253.41 7796.19 6997.44 272.93 80.62 
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Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.01458
Adj. R-Sq 0.99873
Value Standard 
product, % y0 81.473 0.62261
product, % A1 -81.136 0.97184
product, % t1 8.8683 0.23643
 
Half Life: 8.4 
Average:  9.5 
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Table 2.4. entry 14. catalyst III{3,3}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.41 6572.65 0.00 0.00 0.00 
2 253.41 4671.47 683.62 44.50 13.14 
4 253.41 7011.02 1677.62 72.76 21.49 
6 253.41 6440.60 2052.28 96.90 28.62 
8 253.41 6789.83 2603.16 116.58 34.44 
10 253.41 6559.74 2848.25 132.04 39.00 
15 253.41 7677.04 4323.62 171.26 50.59 
30 253.41 8201.24 6509.05 241.34 71.29 
60 253.41 8067.30 7050.71 265.77 78.50 
120 253.41 8959.48 7778.16 263.99 77.98 
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 ExpDec1 Fit of F
F
A
Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
2.09041
Adj. R-Sq 0.99724
Value Standard 
F y0 79.090 1.03728
F A1 -77.62 1.36116
F t1 14.315 0.63365
 
 
Half Life: 14.1 
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Table 2.4. entry 14. catalyst III{3,3}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0.00 253.41 1.00 0.00 0.00 0.00 
2 253.41 25.59 4.28 50.87 15.03 
4 253.41 25.39 6.90 82.62 24.41 
6 253.41 25.63 8.84 104.88 30.98 
8 253.41 26.16 10.61 123.31 36.42 
10 253.41 26.62 12.24 139.85 41.31 
15 253.41 26.38 15.49 178.49 52.72 
30 253.41 28.49 22.86 244.05 72.09 
60 253.41 28.24 24.08 259.36 76.61 
120 253.41 27.96 23.96 260.56 76.96 
240 253.41 28.53 24.30 259.04 76.51 
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 ExpDec1 Fit of F
F
A
Model ExpDec1
Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
2.83958
Adj. R-Sq 0.99618
Value Standard 
F y0 77.136 0.95491
F A1 -75.00 1.50021
F t1 12.701 0.61494
 
Half Life: 12.9 
Average: 13.5
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Table 2.4. entry 15. catalyst II{3,5}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 254.40 36.55 0.00 0.00 0.00 
1 254.40 35.68 1.69 14.42 4.28 
2 254.40 33.70 3.35 30.39 9.03 
3 254.40 34.90 5.10 44.63 13.26 
4 254.40 33.62 6.25 56.79 16.88 
5 254.40 34.11 7.02 62.80 18.66 
6 254.40 33.21 7.96 73.17 21.74 
7 254.40 32.95 8.57 79.36 23.58 
8 254.40 32.93 9.25 85.76 25.48 
9 254.40 32.74 10.27 95.80 28.47 
10 254.40 32.94 10.88 100.83 29.96 
15 254.40 31.94 13.78 131.75 39.15 
30 254.40 30.44 21.33 213.88 63.56 
60 254.40 29.83 26.32 269.34 80.04 
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Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.76015
Adj. R-Squar 0.99635
Value Standard Err
product, % y0 87.17423 2.21416
product, % A1 -85.2846 2.02368
product, % t1 24.09916 1.39401
 
Half Life: 20.0 
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Table 2.4. entry 15. catalyst II{3,5}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
1 254.40 35.44 0.00 0.00 0.00 
2 254.40 34.42 4.84 41.62 12.37 
3 254.40 34.27 8.69 75.06 22.31 
4 254.40 34.24 12.30 106.36 31.61 
6 254.40 32.24 20.97 192.58 57.23 
7 254.40 32.19 23.15 212.91 63.27 
8 254.40 32.20 24.85 228.57 67.92 
9 254.40 32.00 26.27 243.07 72.23 
10 254.40 32.26 29.08 266.88 79.31 
15 254.40 31.18 31.49 298.98 88.85 
30 254.40 29.21 32.21 326.51 97.03 
60 254.40 30.43 32.65 317.74 94.42 
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y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
9.57717
Adj. R-Sq 0.99122
Value Standard 
product, y0 97.1133 2.0927
product, A1 -120.11 3.5837
product, t1 5.72473 0.36291
 
 
Half Life: 5.4 
Average: 12.7 
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Table 2.4. entry 16. catalyst II{3,6}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.74 35.44 0.00 0.00 0.00 
1 248.74 34.42 4.84 41.95 12.15 
2 248.74 34.27 8.69 75.67 21.91 
3 248.74 34.24 12.30 107.22 31.05 
4 248.74 33.26 15.65 140.44 40.67 
6 248.74 32.24 20.97 194.14 56.22 
7 248.74 32.19 23.15 214.63 62.15 
8 248.74 32.20 24.85 230.42 66.73 
9 248.74 32.00 26.27 245.04 70.96 
10 248.74 32.26 29.08 269.03 77.91 
15 248.74 31.18 31.49 301.40 87.28 
30 248.74 29.21 32.21 329.14 95.32 
60 248.74 30.43 32.65 320.31 92.76 
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Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
4.20306
Adj. R-Squ 0.99572
Value Standard E
product, % y0 95.6465 1.42172
product, % A1 -97.941 1.86054
product, % t1 6.55633 0.28087
 
Half Life: 5.0 
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Table 2.4. entry 16. catalyst II{3,6}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.75 29.50 0.00 0.00 0.00 
1 248.75 32.61 2.32 21.25 6.25 
2 248.75 32.75 5.82 53.02 15.60 
3 248.75 33.20 8.77 78.83 23.19 
4 248.75 32.29 11.30 104.47 30.74 
5 248.75 28.74 21.28 221.03 65.03 
6 248.75 27.93 22.94 245.19 72.14 
7 248.75 29.68 23.19 233.16 68.60 
8 248.75 26.91 24.01 266.31 78.35 
9 248.75 28.17 24.89 263.76 77.60 
10 248.75 28.32 25.20 265.62 78.15 
15 248.75 27.74 23.38 251.59 74.02 
30 248.75 28.37 25.43 267.58 78.72 
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Equation
y = A1*exp
(-x/t1) + y0
Reduced 
Chi-Sqr
101.8218
Adj. R-Sq 0.90536
Value Standard 
product, y0 84.200 7.14183
product, A1 -94.644 9.61576
product, t1 4.1019 1.05707
 
Half Life: 4.18 
Average: 4.6 
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Table 2.4. entry 17. catalyst III{3,6}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 127.34 1.00 0.00 0.00 0.00 
1 127.34 28.34 2.19 11.81 6.98 
2 127.34 26.41 5.04 29.16 17.23 
4 127.34 28.16 11.30 61.29 36.21 
8 127.34 29.60 18.48 95.43 56.37 
10 127.34 29.33 20.19 105.22 62.16 
15 127.34 28.60 20.93 111.81 66.05 
30 127.34 32.25 24.22 114.78 67.81 
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Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
8.37561
Adj. R-Squ 0.9892
Value Standard E
product, % y0 70.076 2.43052
product, % A1 -73.559 2.9512
product, % t1 5.1335 0.57429
 
 
Half Life: 6.7 
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Table 2.4. entry 17. catalyst III{3,6}: run 2 
 
time, 
min 
standard, 
mol 
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 127.34 1.00 0.00 0.00 0.00 
1 127.34 25.49 4.16 24.95 14.74 
2 127.34 26.07 8.19 48.01 28.36 
4 127.34 26.91 14.07 79.92 47.21 
8 127.34 28.15 21.52 116.85 69.03 
10 127.34 28.06 22.87 124.57 73.59 
15 127.34 28.00 23.76 129.63 76.58 
30 127.34 28.20 24.60 133.34 78.77 
60 127.34 28.00 24.22 132.18 78.09 
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Equation
y = A1*exp(
-x/t1) + y0
Reduced 
Chi-Sqr
2.06675
Adj. R-Squ 0.99778
Value Standard E
product, % y0 79.212 0.85516
product, % A1 -80.56 1.35119
product, % t1 4.1850 0.18781
 
Half Life: 4.20 
Average: 5.45 
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Table 2.4. entry 18. catalyst II{4,1}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.75 34.13 0.00 0.00 0.00 
1 248.75 32.61 1.79 16.39 4.85 
2 248.75 32.95 3.21 29.10 8.61 
3 248.75 32.70 4.57 41.69 12.34 
4 248.75 32.31 5.76 53.24 15.76 
5 248.75 31.89 6.75 63.19 18.70 
6 248.75 31.95 7.81 73.02 21.61 
7 248.75 32.25 8.84 81.85 24.22 
8 248.75 31.77 9.74 91.53 27.09 
9 248.75 32.41 10.68 98.41 29.13 
10 248.75 31.96 11.67 108.97 32.25 
15 248.75 30.00 15.17 150.96 44.68 
30 248.75 30.07 22.20 220.33 65.21 
60 248.75 28.96 26.07 268.69 79.53 
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y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
0.32379
Adj. R-Squ 0.99936
Value Standard E
product, % y0 84.385 0.7908
product, % A1 -83.843 0.73776
product, % t1 20.6667 0.45387
 
Half Life: 18.4 
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Table 2.4. entry 18. catalyst II{4,1}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0.00 248.75 33.48 0.00 0.00 0.00 
1.00 248.75 33.25 2.79 25.01 7.40 
2.00 248.75 33.47 3.93 35.06 10.38 
3.00 248.75 32.78 5.08 46.29 13.70 
4.00 248.75 32.47 6.19 56.92 16.85 
5.00 248.75 32.57 7.47 68.48 20.27 
6.00 248.75 33.06 8.81 79.56 23.55 
7.00 248.75 31.76 9.44 88.75 26.27 
8.00 248.75 32.09 10.40 96.73 28.63 
9.00 248.75 31.51 11.07 104.88 31.04 
10.00 248.75 31.38 12.39 117.80 34.87 
15.00 248.75 30.72 16.44 159.75 47.28 
30.00 248.75 30.00 24.01 238.90 70.71 
60.00 248.75 29.44 27.32 277.01 81.99 
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Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.60893
Adj. R-Squ 0.99704
Value Standard 
product, % y0 87.35 1.69239
product, % A1 -86.121 1.59055
product, % t1 19.896 0.91899
 
 
Half Life: 16.6 
Average: 
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Table 2.4. entry 19. catalyst {4,2}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 249.21 130.00 0.00 0.00 0.00 
5 249.21 32.66 5.35 48.96 14.52 
10 249.21 31.19 11.86 113.76 33.74 
15 249.21 30.22 16.35 161.77 47.98 
20 249.21 30.81 21.01 203.87 60.46 
30 249.21 29.61 25.89 261.50 77.55 
50 249.21 29.18 28.28 289.84 85.96 
60 249.21 29.44 28.65 291.02 86.31 
90 249.21 29.85 30.05 301.10 89.30 
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Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
11.56901
Adj. R-Squ 0.9895
Value Standard 
product, % y0 91.640 2.62756
product, % A1 -95.277 3.47345
product, % t1 18.615 1.7132
 
 
Half Life: 15.4 
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Table 2.4. entry 19. catalyst II{4,2}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 249.21 31.86 0.00 0.00 0.00 
5 249.21 29.68 7.90 79.61 23.61 
10 249.21 30.68 17.46 170.18 50.47 
15 249.21 30.29 24.12 238.16 70.63 
20 249.21 29.77 26.97 270.96 80.36 
30 249.21 29.96 29.59 295.28 87.57 
50 249.21 29.99 30.30 302.09 89.59 
60 249.21 29.91 30.49 304.84 90.41 
90 249.21 29.61 29.98 302.85 89.82 
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Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
19.27369
Adj. R-Sq 0.98246
Value Standard 
product, y0 91.944 2.53012
product, A1 -95.66 4.53105
product, t1 11.181 1.17322
 
 
Half Life: 9.2 
Average: 12.3 
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Table 2.4. entry 20. catalyst II{4,3}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 249.21 33.37 0.00 0.00 0.00 
1 249.21 33.14 2.54 22.89 6.81 
2 249.21 32.18 4.12 38.33 11.40 
3 249.21 32.45 5.43 50.04 14.88 
4 249.21 32.55 6.61 60.71 18.06 
5 249.21 32.70 7.67 70.13 20.86 
6 249.21 32.56 8.84 81.23 24.16 
8 249.21 28.41 9.16 96.44 28.69 
9 249.21 29.75 10.05 101.05 30.06 
10 249.21 29.82 11.48 115.08 34.23 
15 249.21 29.43 14.58 148.17 44.08 
30 249.21 29.52 21.43 217.08 64.57 
60 249.21 29.50 23.74 240.60 71.57 
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Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.871
Adj. R-Sq 0.99583
Value Standard 
product, y0 74.530 1.56383
product, A1 -72.56 1.53309
product, t1 16.810 0.89446
 
 
Half Life: 18.2 
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Table 2.4. entry 20. catalyst II{4,3}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 249.21 33.19 0.00 0.00 0.00 
1 249.21 32.13 1.75 17.86 5.31 
2 249.21 32.78 2.90 29.08 8.65 
3 249.21 30.20 3.56 38.76 11.53 
4 249.21 32.92 4.42 44.17 13.14 
5 249.21 32.12 5.13 52.56 15.64 
6 249.21 31.12 5.72 60.42 17.97 
7 249.21 32.60 6.19 62.40 18.56 
8 249.21 30.08 6.69 73.09 21.74 
9 249.21 31.08 7.18 75.93 22.59 
10 249.21 30.91 7.93 84.38 25.10 
15 249.21 30.87 10.98 116.93 34.78 
30 249.21 30.20 16.18 176.16 52.40 
60 249.21 29.34 20.61 230.95 68.70 
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Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.03588
Adj. R-Squ 0.99699
Value Standard E
product y0 76.0703 1.89997
product A1 -73.856 1.72814
product t1 26.2070 1.46059
 
Half Life: 27.3 
Average:  
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Table 2.4. entry 21. catalyst II{5,1}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.52 1.00 0.00 0.00 0.00 
1 256.52 33.10 1.64 15.19 4.49 
2 256.52 32.38 3.55 33.70 9.96 
3 256.52 32.43 4.95 46.91 13.86 
4 256.52 32.27 6.97 66.41 19.62 
5 256.52 31.15 8.13 80.20 23.69 
6 256.52 32.37 9.72 92.31 27.27 
7 256.52 30.34 10.22 103.55 30.59 
8 256.52 31.87 11.61 111.91 33.06 
9 256.52 30.03 11.80 120.70 35.65 
10 256.52 31.24 13.01 127.95 37.79 
15 256.52 31.47 19.82 193.58 57.18 
30 256.52 32.02 26.62 255.50 75.47 
60 256.52 31.66 28.58 277.36 81.93 
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Equation
y = A1*exp(
-x/t1) + y0
Reduced 
Chi-Sqr
3.56894
Adj. R-Squ 0.99413
Value Standard E
product, % y0 85.245 1.97514
product, % A1 -86.313 1.99603
product, % t1 15.135 0.85815
 
 
 
Half Life: 13.56
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Table 2.4. entry 21. catalyst II{5,1}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.52 1.00 0.00 #DIV/0! #DIV/0! 
1 256.52 30.16 0.74 7.54 2.23 
2 256.52 30.06 2.04 20.89 6.17 
3 256.52 27.92 2.74 30.19 8.92 
4 256.52 30.36 4.30 43.50 12.85 
5 256.52 29.73 5.49 56.71 16.75 
6 256.52 32.58 7.48 70.59 20.85 
7 256.52 31.96 8.30 79.82 23.58 
9 256.52 30.37 8.51 86.11 25.43 
10 256.52 31.72 9.71 94.06 27.78 
15 256.52 31.10 14.98 148.02 43.72 
30 256.52 32.02 21.27 204.12 60.29 
60 256.52 31.73 25.40 246.02 72.67 
 
0 10 20 30 40 50 60
-10
0
10
20
30
40
50
60
70
80
 product, %
 ExpDec1 Fit of product, %
p
ro
d
u
c
t,
 %
time, min
Model ExpDec1
Equation
y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
2.62645
Adj. R-S 0.99463
Value Standard
product, y0 76.42 2.10151
product, A1 -77.76 1.98869
product, t1 19.19 1.25179
 
Half Life: 20.72 
Average: 17.1 
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Table 2.4. entry 22. catalyst III{5,1}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.89 33.07 0.00 0.00 0.00 
1 253.89 33.10 1.64 20.08 5.93 
2 253.89 32.38 3.55 44.55 13.16 
3 253.89 32.43 4.95 62.01 18.32 
4 253.89 32.27 6.97 87.79 25.93 
5 253.89 31.15 8.13 106.02 31.32 
6 253.89 32.37 9.72 122.03 36.05 
7 253.89 30.34 10.22 136.89 40.44 
8 253.89 31.87 11.61 147.95 43.70 
9 253.89 30.03 11.80 159.57 47.13 
10 253.89 31.24 13.01 169.15 49.96 
15 253.89 31.47 19.82 255.91 75.59 
30 253.89 32.02 26.62 337.76 99.77 
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Equatio
n
y = A1*exp(-x/t1) + 
y0
Reduce
d 
Chi-Sqr
4.63142
Adj. R-S 0.99393
Value Standar
product, y0 122.82 5.91883
product, A1 -123.2 5.43386
product, t1 17.458 1.53215
 
Half Life: 9.2
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Table 2.4. entry 22. catalyst III{5,1}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
1 253.89 30.16 0.74 0.00 2.94 
2 253.89 30.06 2.04 20.08 8.16 
3 253.89 27.92 2.74 44.55 11.79 
4 253.89 30.36 4.30 62.01 16.98 
5 253.89 28.73 5.49 87.79 22.91 
6 253.89 32.58 7.48 106.02 27.56 
7 253.89 31.96 8.30 122.03 31.17 
8 253.89 31.64 8.78 136.89 33.30 
9 253.89 30.37 8.51 147.95 33.62 
10 253.89 31.72 9.71 159.57 36.73 
15 253.89 31.10 14.98 169.15 57.80 
30 253.89 32.02 21.66 255.91 81.17 
60 253.89 31.73 25.40 337.76 96.07 
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Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
4.37082
Adj. R-Sq 0.99431
Value Standard 
product, y0 100.757 2.66765
product, A1 -103.59 2.49282
product, t1 18.5121 1.23142
 
Half Life: 13.2 
Average: 11.2 
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Table 2.4. entry 23. catalyst II{5,2}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 289.97 27.29 0.00 0.00 0.00 
1 289.97 27.17 4.15 51.48 15.07 
2 289.97 27.01 7.38 92.25 27.01 
3 289.97 27.32 10.15 125.38 36.70 
4 289.97 27.36 12.37 152.63 44.68 
5 289.97 27.37 14.19 174.99 51.23 
6 289.97 27.32 15.87 196.02 57.38 
7 289.97 27.24 17.30 214.34 62.75 
8 289.97 27.35 18.79 231.86 67.88 
9 289.97 27.58 20.22 247.39 72.42 
10 289.97 27.36 21.16 261.02 76.41 
15 289.97 27.89 26.26 317.80 93.03 
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Equation
y = A1*exp(-
x/t1) + y0
Reduced 
Chi-Sqr
1.89249
Adj. R-Squa 0.99741
Value Standard Err
F y0 107.1634 3.3278
F A1 -105.1076 3.01109
F t1 7.92961 0.49724
 
 
Half Life: 4.8 
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Table 2.4. entry 23. catalyst II{5,2}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 289.97 27.11 0.00 0.00 0.00 
1 289.97 27.74 2.43 29.57 7.28 
2 289.97 26.51 4.91 62.56 15.40 
3 289.97 27.70 7.54 91.89 22.62 
4 289.97 26.71 8.70 109.88 27.05 
5 289.97 27.28 10.55 130.57 32.14 
6 289.97 26.65 11.54 146.19 35.98 
7 289.97 26.91 13.63 171.00 42.09 
8 289.97 27.04 15.15 189.16 46.56 
9 289.97 27.24 16.44 203.77 50.16 
10 289.97 27.09 17.43 217.10 53.44 
15 289.97 27.25 21.09 261.21 64.30 
30 289.97 27.43 29.32 360.79 88.81 
 
0 5 10 15 20 25 30
0
20
40
60
80
100
 % product
 ExpDec1 Fit of F
F
A
Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.7266
Adj. R-Sq 0.99706
Value Standard 
F y0 96.843 2.31908
F A1 -95.95 2.15639
F t1 12.717 0.62485
 
 
Half Life: 9.1 
Average: 7.0 
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Table 2.4. entry 24. catalyst III{5,2}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.89 35.35 0.00 0.00 0.00 
1 253.89 37.00 2.04 21.72 6.42 
2 253.89 36.72 4.18 44.88 13.26 
4 253.89 35.31 7.00 78.16 23.09 
5 253.89 35.79 8.52 93.75 27.69 
6 253.89 34.67 9.54 108.40 32.02 
7 253.89 34.98 10.34 116.49 34.41 
10 253.89 34.03 12.97 150.14 44.35 
15 253.89 33.61 16.65 195.23 57.67 
30 253.89 32.86 23.25 278.86 82.37 
60 253.89 32.14 30.11 369.14 109.04 
 
 
0 10 20 30 40 50 60
0
20
40
60
80
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120
 product, %
 ExpDec1 Fit of F
F
A
Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
5.20156
Adj. R-Squa 0.99521
Value Standard Er
F y0 114.0334 3.42244
F A1 -111.122 3.18276
F t1 21.64396 1.59853
 
 
Half Life: 11.9 
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Table 2.4. entry 24. catalyst III{5,2}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.89 34.50 0.00 0.00 0.00 
1 253.89 34.67 2.13 24.27 7.17 
2 253.89 35.42 4.05 45.05 13.31 
4 253.89 33.57 7.19 84.43 24.94 
5 253.89 34.23 8.84 101.76 30.06 
6 253.89 33.81 9.78 113.98 33.67 
7 253.89 34.11 11.37 131.29 38.78 
10 253.89 32.41 13.44 163.43 48.27 
15 253.89 31.95 16.88 208.16 61.49 
30 253.89 32.39 24.28 295.37 87.25 
60 253.89 31.80 29.54 366.03 108.12 
0 10 20 30 40 50 60
0
20
40
60
80
100
120
 % product
 ExpDec1 Fit of % product
%
 p
ro
d
u
c
t
time / min
Model ExpDec1
Equation
y = A1*exp
(-x/t1) + y0
Reduced 
Chi-Sqr
3.32378
Adj. R-Squ 0.99702
Value Standard E
% product y0 110.343 2.24976
% product A1 -108.202 2.17314
% product t1 18.0363 0.95062
 
Half Life: 10.5  
Average: 11.2 
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Table 2.4. entry 25. catalyst II{5,3}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.89 38.37 0.00 0.00 0.00 
1 253.89 36.73 1.33 14.28 4.22 
2 253.89 36.78 2.97 31.86 9.41 
4 253.89 36.65 5.72 61.47 18.16 
6 253.89 36.37 8.41 91.13 26.92 
8 253.89 35.84 10.60 116.50 34.41 
10 253.89 35.16 12.23 137.01 40.47 
15 253.89 34.62 16.30 185.56 54.81 
30 253.89 32.74 26.03 313.28 92.54 
 
0 5 10 15 20 25 30
0
20
40
60
80
100
 product, %
 ExpDec1 Fit of product, %
p
ro
d
u
c
t,
 %
time, min
Model ExpDec
Equatio
n
y = A1*exp(-x/t1) +
 y0
Reduce
d 
Chi-Sqr
0.94642
Adj. R-S 0.99888
Value Standar
product, y0 154.0 8.76799
product, A1 -153.6 8.44532
product, t1 32.96 2.7987
 
Half Life: 12.9 
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Table 2.4. entry 25. catalyst II{5,3}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.89 30.00 0.00 0.00 0.00 
1 253.89 37.02 1.27 13.55 4.00 
2 253.89 35.92 2.88 31.55 9.32 
4 253.89 35.80 5.78 63.64 18.80 
6 253.89 35.62 8.48 93.79 27.70 
8 253.89 35.48 10.37 115.20 34.03 
10 253.89 34.73 12.52 142.05 41.96 
15 253.89 34.06 16.43 190.05 56.14 
30 253.89 32.97 25.45 304.10 89.83 
61 253.89 32.18 29.79 364.84 107.77 
 
0 10 20 30 40 50 60 70
0
20
40
60
80
100
120
 product, %
 ExpDec1 Fit of F
F
A
Model ExpDec1
Equation
y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
2.21032
Adj. R-Sq 0.99831
Value Standard 
F y0 115.85 2.18188
F A1 -116.89 2.06455
F t1 21.55 0.96416
 
 
Half Life: 12.4 
Average: 12.7 
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Table 2.4. entry 26. catalyst II{5,4}: run 1 
 
time, 
min 
standard, 
mol 
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 254.40 33.80 0.00 0.00 0.00 
1 254.40 34.58 0.63 7.21 2.13 
2 254.40 34.32 1.59 18.25 5.39 
3 254.40 33.76 2.57 30.04 8.87 
4 254.40 33.91 3.55 41.22 12.17 
6 254.40 33.64 4.85 56.84 16.79 
8 254.40 33.20 5.92 70.24 20.75 
9 254.40 32.03 6.43 79.08 23.36 
10 254.40 32.03 6.97 85.70 25.31 
15 254.40 32.42 9.90 120.30 35.53 
30 254.40 29.75 15.78 209.06 61.75 
60 254.40 30.00 22.50 295.54 87.30 
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100
 product, %
 ExpDec1 Fit of product, %
p
ro
d
u
c
t,
 %
time, min
Model ExpDec1
Equation
y = A1*exp(
-x/t1) + y0
Reduced 
Chi-Sqr
0.50976
Adj. R-Squa 0.99924
Value Standard Er
product, % y0 108.7662 2.26611
product, % A1 -108.918 2.10069
product, % t1 36.66255 1.44911
 
 
Half Life: 22.6 
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Table 2.4. entry 26. catalyst II{5,4}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 254.40 32.30 0.00 0.00 0.00 
1 254.40 32.11 0.47 5.75 1.70 
2 254.40 31.32 1.43 17.95 5.30 
3 254.40 31.84 2.40 29.65 8.76 
4 254.40 31.59 3.28 40.88 12.08 
6 254.40 31.83 5.27 65.19 19.25 
8 254.40 30.56 6.43 82.89 24.48 
9 254.40 30.30 7.31 95.07 28.08 
10 254.40 31.32 8.39 105.52 31.17 
15 254.40 30.44 10.79 139.72 41.27 
30 254.40 30.66 16.40 210.79 62.26 
60 254.40 30.10 23.53 308.07 91.00 
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100
 product, %
 ExpDec1 Fit of product, %
p
ro
d
u
c
t,
 %
time, min
Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
2.57759
Adj. R-Squ 0.99647
Value Standard E
product, % y0 103.704 3.6375
product, % A1 -104.231 3.336
product, % t1 29.7621 2.15296
 
Half Life: 19.7 
Average: 21.3 
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Table 2.4. entry 27. catalyst II{5,5}: run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 249.21  34.13 0.00 0.00 
2 249.21 1.72 34.57 14.73 4.40 
4 249.21 3.78 35.48 31.61 9.43 
6 249.21 5.25 33.99 45.83 13.67 
8 249.21 8.13 34.73 69.42 20.71 
10 249.21 8.22 33.29 73.23 21.85 
15 249.21 12.03 34.62 103.08 30.76 
20 249.21 14.36 34.51 123.45 36.83 
40 249.21 21.86 34.38 188.56 56.26 
60 249.21 23.78 34.15 206.51 61.62 
120 249.21 27.61 33.81 242.15 72.25 
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 product, %
 ExpDec1 Fit of product, %
p
ro
d
u
c
t,
 %
time, min
Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.87914
Adj. R-Sq 0.99683
Value Standard 
product, y0 71.967 1.35537
product, A1 -71.90 1.3779
product, t1 27.346 1.46758
 
Half Life: 32.4 
378 
Table 2.4. entry 27. catalyst II{5,5}: run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.52 1.00 0.00 0.00 0.00 
2 256.52 26.26 0.93 10.84 3.20 
4 256.52 25.72 2.84 33.93 10.02 
6 256.52 26.09 4.37 51.48 15.21 
8 256.52 26.61 5.73 66.20 19.56 
10 256.52 27.07 7.01 79.63 23.52 
15 256.52 26.70 9.34 107.49 31.75 
30 256.52 27.29 14.36 161.68 47.76 
72 256.52 28.85 21.10 224.78 66.40 
 
-10 0 10 20 30 40 50 60 70 80
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70  product, %
 ExpDec1 Fit of product, %
p
ro
d
u
c
t,
 %
time, min
Model ExpDec1
Equation
y = A1*exp
(-x/t1) + y0
Reduced 
Chi-Sqr
1.00242
Adj. R-Squ 0.99785
Value Standard E
product, % y0 69.824 1.46017
product, % A1 -70.338 1.38835
product, % t1 24.699 1.27287
 
Half Life: 31.28 
Average: 31.8 
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Kinetic data for other Quaternary Ammonium Ions & Library VI: Table 2.6 in Text 
 
Table 2.6. entry 1. catalyst Me4NBr:  run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.52 1.00 0.00 0.00 0.00 
945 256.52 26.72 1.38 15.92 4.70 
1200 256.52 26.76 1.79 20.60 6.08 
1440 256.52 26.29 2.11 24.71 7.30 
2400 256.52 26.46 3.52 40.85 12.07 
2880 256.52 26.96 4.20 47.92 14.16 
3865 256.52 28.87 5.45 57.97 17.12 
4320 256.52 26.58 5.11 59.14 17.47 
5400 256.52 32.41 7.86 74.51 22.01 
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 product, %
 Linear Fit of product, %
p
ro
d
u
c
t,
 %
time, min
Equation y = a + b
Weight No Weig
Residual 
Sum of 
Squares
7.1536
Adj. R-Sq 0.98005
Value Standard 
product, Intercept 1.24 0.60471
product, Slope 0.00 2.01293
 
 
Half Life: 12,189  
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Table 2.6. entry 1. catalyst Me4NBr:  run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.5189 1 0 0 0 
945 256.5189 26.4729 1.1692 13.57261 4.009078 
1200 256.5189 26.4359 1.4746 17.1418 5.063343 
1440 256.5189 26.2949 1.7487 20.43713 6.03672 
2400 256.5189 28.4851 3.2886 35.47885 10.47974 
2880 256.5189 27.6143 3.5704 39.7337 11.73654 
3865 256.5189 26.3943 4.4777 52.134 15.39934 
4320 256.5189 30.0689 5.5762 56.98978 16.83364 
5400 256.5189 30.4851 6.9026 69.5827 20.55334 
6882 256.5189 30.011 8.3029 85.02086 25.11346 
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 product, %
 Linear Fit of product, %
p
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t,
 %
time, min
Equation y = a + b
Weight No Weig
Residual 
Sum of 
Squares
2.69709
Adj. R-S 0.99469
Value Standard
product, Intercept 0.79 0.3192
product, Slope 0.00 8.90161
 
 
Half Life: 13,298 
Average: 12,700 
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Table 2.6. entry 2. catalyst Me3NC16H33Br:  run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.52 1.00 0.00 0.00 0.00 
945 256.52 27.29 6.38 71.84 21.22 
1200 256.52 27.13 6.77 76.69 22.65 
1440 256.52 27.65 9.63 107.04 31.62 
2400 256.52 28.31 15.90 172.56 50.97 
2880 256.52 30.08 17.87 182.59 53.93 
3865 256.52 29.61 20.49 212.68 62.82 
4320 256.52 30.77 19.11 190.81 56.36 
5400 256.52 31.62 25.18 244.74 72.29 
6882 256.52 30.06 24.08 246.24 72.74 
 
-1000 0 1000 2000 3000 4000 5000 6000 7000
-10
0
10
20
30
40
50
60
70
80
 product, %
 ExpDec1 Fit of product, %
p
ro
d
u
c
t,
 %
time, min
Model ExpDec1
Equation y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
10.1617
2
Adj. R-S 0.98432
Value Standard
product, y0 82.294 4.76496
product, A1 -84.724 4.52402
product, t1 2721.8 381.116
 
Half Life: 2625.2 
382 
Table 2.6. entry 2. catalyst Me3NC16H33Br:  run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.52 1.00 0.00 0.00 0.00 
945 256.52 26.38 3.03 35.29 10.42 
1200 256.52 25.72 6.88 82.16 24.27 
1440 256.52 27.33 8.40 94.44 27.89 
2400 256.52 28.21 14.74 160.57 47.43 
2880 256.52 30.30 17.70 179.55 53.03 
3865 256.52 29.91 20.96 215.38 63.62 
4320 256.52 34.57 26.42 234.85 69.37 
6882 256.52 30.34 24.30 246.12 72.70 
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 ExpDec1 Fit of product, %
p
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 %
time, min
Model ExpDec
Equatio
n
y = A1*exp(-x/t1) + 
y0
Reduce
d 
Chi-Sqr
28.2873
8
Adj. R-S 0.95941
Value Standar
product, y0 86.833 10.0768
product, A1 -92.04 9.24242
product, t1 3024.2 742.906
 
 
Half Life: 2769.8 
Average: 2697.5 (2700) 
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Table 2.6. entry 3. catalyst Et4NBr:  run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.52 30.00 0.00 0.00 0.00 
92 256.52 28.28 7.85 85.25 25.18 
256 256.52 28.49 12.33 132.95 39.27 
335 256.52 29.32 14.69 154.00 45.49 
557 256.52 29.61 17.87 185.45 54.78 
685 256.52 29.43 17.29 180.60 53.35 
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 ExpDec1 Fit of product, %
p
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c
t,
 %
time, min
Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
10.19288
Adj. R-Sq 0.97759
Value Standard 
product, y0 56.326 4.96928
product, A1 -55.128 5.18677
product, t1 193.40 48.76271
 
Half Life: 418.7 
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Table 2.6. entry 3. catalyst Et4NBr:  run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.5189     #DIV/0! #DIV/0! 
92 256.5189 28.7187 5.1202 54.78962 16.18376 
256 256.5189 27.604 9.1588 101.963 30.11784 
335 256.5189 28.396 11.3346 122.6663 36.23317 
557 256.5189 29.7893 15.5333 160.2432 47.33264 
685 256.5189 32.0585 20.7519 198.9257 58.75867 
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 ExpDec1 Fit of product, %
p
ro
d
u
c
t,
 %
time, min
Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
8.795
Adj. R-Sq 0.98041
Value Standard 
product, y0 79.535 17.1336
product, A1 -77.789 16.12456
product, t1 565.41 215.4026
 
Half Life: 547.6 
Average: 480 
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Table 2.6. entry 4. catalyst Bu3NBnBr:  run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 255.10 21.58 0.00 0.00 0.00 
1 255.10 21.28 0.63 5.85 1.73 
2 255.10 20.64 1.56 14.99 4.42 
3 255.10 21.06 2.73 25.65 7.56 
4 255.10 21.46 3.86 35.68 10.52 
5 255.10 21.60 5.03 46.17 13.61 
6 255.10 21.44 6.11 56.52 16.66 
7 255.10 21.17 7.17 67.14 19.79 
8 255.10 21.38 8.32 77.10 22.73 
9 255.10 21.03 9.27 87.35 25.75 
10 255.10 21.42 10.37 95.98 28.29 
15 255.10 21.98 16.08 145.01 42.75 
30 255.10 21.85 25.67 232.82 68.63 
60 255.10 22.05 33.50 301.14 88.77 
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 ExpDec1 Fit of product, %
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 %
time, min
Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
1.97815
Adj. R-Sq 0.99702
Value Standard 
product, y0 101.81 2.83955
product, A1 -104.50 2.58035
product, t1 27.697 1.59832
 
Half Life: 19.43 
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Table 2.6. entry 4. catalyst Bu3NBnBr:  run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0.00 255.10 25.18 0.00 0.00 0.00 
1.00 255.10 21.74 0.29 2.66 0.78 
2.00 255.10 21.67 0.72 6.63 1.93 
3.00 255.10 21.63 1.53 14.00 4.08 
4.00 255.10 21.82 2.37 21.55 6.28 
5.00 255.10 21.58 3.28 30.18 8.79 
6.00 255.10 21.95 4.31 38.89 11.33 
7.00 255.10 21.87 5.29 47.90 13.95 
8.00 255.10 21.71 6.17 56.31 16.40 
9.00 255.10 21.72 7.28 66.42 19.35 
10.00 255.10 21.35 7.94 73.72 21.47 
15.00 255.10 21.38 13.25 122.81 35.78 
30.00 255.10 4.03 4.73 232.74 67.80 
60.00 255.10 21.80 34.13 310.28 90.39 
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 product, %
 ExpDec1 Fit of product, %
p
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 %
time, min
Model ExpDec1
Equation
y = A1*exp(-x/t1) + y0
Reduced 
Chi-Sqr
3.8403
Adj. R-S 0.99499
Value Standard
product, y0 107.96 5.27404
product, A1 -117.3 4.32803
product, t1 30.452 3.16641
 
Half Life: 21.46 
Average: 20.5 
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Table 2.6. entry 5. catalyst VI{1}:  run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.41 1.00 0.00 0.00 0.00 
30 253.41 25.64 1.48 17.03 5.08 
60 253.41 26.35 2.12 23.70 7.07 
120 253.41 27.37 3.37 36.29 10.83 
210 253.41 31.00 5.97 56.83 16.96 
300 253.41 27.21 6.92 75.02 22.38 
420 253.41 27.47 11.29 121.21 36.17 
600 253.41 28.78 11.18 114.55 34.18 
1276 253.41 30.38 18.22 176.93 52.79 
1620 253.41 31.46 24.71 231.72 69.14 
3640 253.41 32.23 25.41 232.52 69.37 
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 ExpDec2 of product
p
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d
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t 
(%
)
time (min)
Model ExpDec2
Equation y = A1*exp(-x/t1
) + A2*exp(-x/t2)
 + y0
Reduced Chi-S
qr
9.30535
Adj. R-Square 0.98338
Value Standard Error
product y0 517718.15807 --
product A1 -517667.47935 --
product t1 1.01166E8 --
product A2 -50.38562 9.02491
product t2 486.01249 141.42472
 
Half Life: 1006.1 
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Table 2.6. entry 5. catalyst VI{1}:  run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 253.41 31.27 0.00 0.00 0.00 
30 253.41 26.47 1.48 16.47 4.91 
60 253.41 30.29 2.75 26.82 8.00 
120 253.41 26.39 4.00 44.70 13.34 
210 253.41 29.20 7.10 71.67 21.38 
300 253.41 27.25 8.66 93.70 27.96 
420 253.41 26.73 8.55 94.35 28.15 
600 253.41 27.92 14.21 150.11 44.79 
1276 253.41 29.31 21.57 217.05 64.76 
1620 253.41 29.05 19.09 193.83 57.83 
3640 253.41 30.97 26.59 253.17 75.54 
4565 253.41 30.53 26.80 258.94 77.26 
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 ExpDec1 of product
p
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)
time (min)
Model ExpDec1
Equation y = A1*exp(-
x/t1) + y0
Reduced C
hi-Sqr
6.66074
Adj. R-Squa 0.98977
Value Standard Er
product y0 76.7078 2.61138
product A1 -75.290 2.75543
product t1 741.129 67.86858
 
Half Life: 768.1 
Average: 887.1 
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Table 2.6. entry 6. catalyst VI{2}:  run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 256.52 1.00 0.00 0.00 0.00 
3 256.31 30.26 0.05 0.50 0.15 
4 256.31 30.28 0.08 0.74 0.22 
5 256.31 30.44 0.11 1.04 0.31 
6 256.31 30.14 0.14 1.41 0.42 
7 256.31 30.31 0.18 1.80 0.53 
8 256.31 30.20 0.24 2.39 0.70 
10 256.31 30.35 0.33 3.21 0.95 
15 256.31 30.72 0.65 6.28 1.85 
30 256.31 30.62 1.42 13.79 4.06 
60 256.31 30.43 2.31 22.60 6.66 
120 256.31 31.17 4.45 42.40 12.49 
180 256.31 31.18 5.69 54.23 15.97 
240 256.31 30.90 6.99 67.23 19.80 
300 256.31 31.92 9.17 85.36 25.14 
360 256.31 31.41 10.30 97.47 28.71 
420 256.31 31.27 11.52 109.51 32.25 
480 256.52 28.27 10.39 112.92 33.35 
610 256.52 28.55 11.89 127.91 37.78 
795 256.52 28.46 13.83 149.32 44.11 
990 256.52 30.28 15.99 162.28 47.93 
1210 256.52 30.89 18.60 184.99 54.64 
2160 256.52 29.81 22.54 232.30 68.62 
2790 256.52 30.60 24.66 247.60 73.14 
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Model ExpDec1
Equation
y = A1*exp(-
x/t1) + y0
Reduced 
Chi-Sqr
2.65389
Adj. R-Squar 0.99509
Value Standard Err
product, % y0 73.52547 1.59207
product, % A1 -72.7242 1.5709
product, % t1 826.0031 40.2714
 
Half Life: 932.2 
390 
Table 2.6. entry 6. catalyst VI{2}:  run 2 
time, 
min 
μmol 
standard 
area 
standard 
area 
product 
μmol 
product 
% 
product 
0 256.31 29.94 0.00 0.00 0.00 
3 256.31 30.15 0.06 0.60 0.18 
5 256.31 30.09 0.13 1.24 0.36 
6 256.31 29.90 0.16 1.61 0.47 
8 256.31 29.91 0.25 2.49 0.73 
9 256.31 30.22 0.30 2.96 0.87 
15 256.31 30.46 0.65 6.39 1.88 
30 256.31 30.31 1.55 15.20 4.48 
60 256.31 30.65 2.80 27.12 7.99 
120 256.31 30.61 5.12 49.76 14.65 
180 256.31 32.66 7.95 72.32 21.30 
240 256.31 30.84 9.51 91.65 26.99 
300 256.31 32.80 11.80 106.96 31.50 
480 256.52 27.94 11.11 122.17 36.09 
610 256.52 28.03 12.61 138.22 40.83 
795 256.52 30.03 14.93 152.78 45.13 
990 256.52 30.28 15.99 162.28 47.93 
1210 256.52 29.93 17.53 179.96 53.16 
2160 256.52 29.63 21.04 218.27 64.47 
2790 256.52 30.46 23.59 237.96 70.29 
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y = A1*exp(-x
/t1) + A2*exp(
-x/t2) + y0
Reduced 
Chi-Sqr
0.62307
Adj. R-Squar 0.99886
Value Standard Err
% product y0 117.80616 48.86343
% product A1 -34.48511 3.6653
% product t1 215.36711 25.09614
% product A2 -83.96827 45.3395
% product t2 4850.4728 4100.06041
 
Half Life: 1065.36 
Average: 998.8
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Table 2.6. entry 7. catalyst VI{3}:  run 1 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.76 30.00 0.00 0.00 0.00 
720 248.76 30.53 12.64 0.12 36.16 
1020 248.76 33.05 17.40 0.16 45.99 
1440 248.76 30.67 20.63 0.20 58.78 
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Model ExpDec1
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y = A1*exp(-
x/t1) + y0
Reduced 
Chi-Sqr
0.48888
Adj. R-Squar 0.99923
Value Standard Err
product, % y0 98.9469 8.59217
product, % A1 -98.90425 8.45415
product, % t1 1606.599 208.64029
 
Half Life: 1130.11 
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Table 2.6. entry 7. catalyst VI{3}:  run 2 
 
time, 
min 
standard, 
mol  
standard, 
area 
product, 
area 
product, 
mol 
product, 
% 
0 248.76 30.00 0.00 0.00 0.00 
720 248.76 32.27 14.05 0.13 38.03 
1020 248.76 32.11 18.67 0.17 50.80 
1440 248.76 31.09 21.04 0.20 59.11 
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Equation
y = A1*ex
p(-x/t1) + 
y0
Reduced 
Chi-Sqr
3.71066
Adj. R-Sq 0.99457
Value Standard
product, y0 82.536 12.4142
product, A1 -82.634 12.2134
product, t1 1120.5 295.674
 
Half Life: 1044.43 
Average: 1087 
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Tabular and Statistical Summary of Kinetic Data 
table entry catalyst run 1 run 2 log(r1) log(r2) 
Avg. 
log(t1/2) 
deviation 
in log 
units 
3 1 I{1} 696.76 1174.28 2.84 3.07 2.96 0.160 
3 2 I{2} 771.90 739.64 2.89 2.87 2.88 0.013 
3 4 I{4} 321.30 328.70 2.51 2.52 2.51 0.007 
3 6 I{6} 10.30 15.80 1.01 1.20 1.11 0.131 
4 1 II{1,1} 199.60 161.90 2.30 2.21 2.25 0.064 
4 2 II{1,2} 190.00 167.20 2.28 2.22 2.25 0.039 
4 3 II{1,4} 269.80 325.60 2.43 2.51 2.47 0.058 
4 4 II{1,5} 325.60 366.30 2.51 2.56 2.54 0.036 
4 5 II{1,3} 216.90 272.80 2.34 2.44 2.39 0.070 
4 6 III{1,3} 70.80 73.80 1.85 1.87 1.86 0.013 
4 7 II{2,1} 9.50 10.70 0.98 1.03 1.00 0.037 
4 8 II{2,2} 23.00 13.60 1.36 1.13 1.25 0.161 
4 9 II{2,3} 12.10 12.10 1.08 1.08 1.08 0.000 
4 10 II{3,1} 10.20 13.10 1.01 1.12 1.06 0.077 
4 11 III{3,1} 10.20 19.40 1.01 1.29 1.15 0.197 
4 12 II{3,2} 6.70 6.50 0.83 0.81 0.82 0.009 
4 13 III{3,2} 10.60 8.40 1.03 0.92 0.97 0.071 
4 14 III{3,3} 14.10 12.90 1.15 1.11 1.13 0.027 
4 15 II{3,5} 20.00 5.40 1.30 0.73 1.02 0.402 
4 16 II{3,6} 5.00 4.18 0.70 0.62 0.66 0.055 
4 17 III{3,6} 6.70 4.20 0.83 0.62 0.72 0.143 
4 18 II{4,1} 18.40 16.60 1.26 1.22 1.24 0.032 
4 19 II{4,2} 15.40 9.20 1.19 0.96 1.08 0.158 
4 20 II{4,3} 18.20 27.30 1.26 1.44 1.35 0.125 
4 21 II{5,1} 13.56 20.72 1.13 1.32 1.22 0.130 
4 22 III{5,1} 9.20 13.20 0.96 1.12 1.04 0.111 
4 23 II{5,2} 4.80 9.10 0.68 0.96 0.82 0.196 
4 24 III{5,2} 11.90 10.50 1.08 1.02 1.05 0.038 
4 25 II{5,3} 12.90 12.40 1.11 1.09 1.10 0.012 
4 26 II{5,4} 22.60 19.70 1.35 1.29 1.32 0.042 
4 27 II{5,5} 32.40 31.28 1.51 1.50 1.50 0.011 
5 1 IV{2,2,1} 111.70 75.30 2.05 1.88 1.96 0.121 
5 2 IV{2,2,2} 40.64 62.97 1.61 1.80 1.70 0.134 
5 3 IV{3,2,1} 18.69 20.26 1.27 1.31 1.29 0.025 
5 4 IV{3,2,5} 30.87 21.32 1.49 1.33 1.41 0.114 
5 5 IV{5,2,5} 17.34 15.21 1.24 1.18 1.21 0.040 
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5 6 V{1,2,1} 30.20 34.86 1.48 1.54 1.51 0.044 
5 7 V{1,2,8} 40.03 59.51 1.60 1.77 1.69 0.122 
5 8 V{1,2,8}b 49.69 58.05 1.70 1.76 1.73 0.048 
5 9 V{1,2,7}b 8.97 10.60 0.95 1.03 0.99 0.051 
5 10 V{1,2,6} 23.35 26.11 1.37 1.42 1.39 0.034 
5 11 V{2,2,1} 20.31 21.05 1.31 1.32 1.32 0.011 
5 12 V{2,2,3} 23.11 22.98 1.36 1.36 1.36 0.002 
5 13 V{2,2,5} 873.94 925.55 2.94 2.97 2.95 0.018 
5 14 V{2,2,8} 22.11 17.68 1.34 1.25 1.30 0.069 
5 15 V{2,2,7} 14.41 15.77 1.16 1.20 1.18 0.028 
5 16 V{2,2,6} 29.51 26.60 1.47 1.42 1.45 0.032 
5 17 V{2,3,1} 19.64 26.38 1.29 1.42 1.36 0.091 
5 18 V{2,3,2} 78.80 72.85 1.90 1.86 1.88 0.024 
5 19 V{2,3,3} 35.12 26.32 1.55 1.42 1.48 0.089 
5 20 V{2,3,5} 255.43 216.64 2.41 2.34 2.37 0.051 
5 21 V{2,3,8} 27.04 26.05 1.43 1.42 1.42 0.011 
5 22 V{2,3,7} 28.78 28.92 1.46 1.46 1.46 0.001 
5 23 V{2,3,6} 21.38 20.74 1.33 1.32 1.32 0.009 
5 24 V{2,7,1} 16.76 17.41 1.22 1.24 1.23 0.012 
5 25 V{3,2,1} 135.40 128.77 2.13 2.11 2.12 0.015 
5 26 V{3,2,5} 130.13 114.10 2.11 2.06 2.09 0.040 
5 27 V{3,2,7} 28.94 28.33 1.46 1.45 1.46 0.007 
5 28 V{3,3,1} 43.49 36.53 1.64 1.56 1.60 0.054 
5 29 V{3,3,3} 22.90 17.76 1.36 1.25 1.30 0.078 
5 30 V{3,3,5} 58.16 66.68 1.76 1.82 1.79 0.042 
5 31 V{3,3,8} 47.64 37.79 1.68 1.58 1.63 0.071 
5 32 V{3,2,6} 93.28 78.69 1.97 1.90 1.93 0.052 
5 33 V{3,7,5} 55.63 66.11 1.75 1.82 1.78 0.053 
5 34 V{3,7,8} 224.43 274.31 2.35 2.44 2.39 0.062 
5 35 V{4,2,5} 84.30 103.94 1.93 2.02 1.97 0.064 
5 36 V{5,2,1} 9.88 11.40 0.99 1.06 1.03 0.044 
5 37 V{5,2,2} 12.37 12.09 1.09 1.08 1.09 0.007 
5 38 V{5,2,3} 10.52 10.02 1.02 1.00 1.01 0.015 
5 39 V{5,2,5} 9.58 9.36 0.98 0.97 0.98 0.007 
5 40 V{5,2,8} 18.77 16.25 1.27 1.21 1.24 0.044 
5 41 V{5,2,9} 15.82 16.15 1.20 1.21 1.20 0.006 
5 42 V{5,2,10} 15.03 13.82 1.18 1.14 1.16 0.026 
5 43 V{5,3,1} 10.65 8.28 1.03 0.92 0.97 0.077 
5 44 V{5,3,2} 17.24 20.08 1.24 1.30 1.27 0.047 
5 45 V{5,3,3} 10.92 15.32 1.04 1.19 1.11 0.104 
5 46 V{5,3,5} 5.20 4.55 0.72 0.66 0.69 0.041 
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5 47 V{5,3,8} 9.43 10.27 0.97 1.01 0.99 0.026 
5 48 V{5,3,7} 8.88 8.11 0.95 0.91 0.93 0.028 
5 49 V{5,6,1} 8.02 7.69 0.90 0.89 0.90 0.013 
5 50 V{5,6,5} 6.80 7.24 0.83 0.86 0.85 0.019 
5 51 V{5,6,8} 7.76 5.98 0.89 0.78 0.83 0.080 
5 52 V{5,7,1} 14.95 24.79 1.17 1.39 1.28 0.155 
5 53 V{5,7,2} 18.65 19.75 1.27 1.30 1.28 0.018 
5 54 V{5,7,3} 12.67 11.27 1.10 1.05 1.08 0.036 
5 55 V{5,7,5} 15.52 21.63 1.19 1.34 1.26 0.102 
5 56 V{5,7,7} 14.05 15.05 1.15 1.18 1.16 0.021 
5 57 V{7,2,1} 12.68 14.62 1.10 1.16 1.13 0.044 
5 58 V{7,2,5} 30.34 23.97 1.48 1.38 1.43 0.072 
5 59 V{7,2,8} 11.14 11.52 1.05 1.06 1.05 0.010 
5 60 V{7,2,9} 12.69 10.91 1.10 1.04 1.07 0.046 
5 61 V{7,2,10} 55.56 41.56 1.74 1.62 1.68 0.089 
5 62 V{6,2,1} 12.13 12.22 1.08 1.09 1.09 0.002 
5 63 V{6,2,8} 12.10 11.59 1.08 1.06 1.07 0.013 
6 1 Me4N 12189.00 13298.00 4.09 4.12 4.10 0.027 
6 2 Me3Ncetyl 2625.20 2769.80 3.42 3.44 3.43 0.016 
6 3 Et4N 418.70 547.60 2.62 2.74 2.68 0.082 
6 4 Bu3NBn 19.43 21.46 1.29 1.33 1.31 0.031 
6 5 VI{1} 1006.10 768.10 3.00 2.89 2.94 0.083 
6 6 VI{2} 932.20 1065.36 2.97 3.03 3.00 0.041 
6 7 VI{3} 1044.43 1130.11 3.02 3.05 3.04 0.024 
       AVE 0.059 
       MAX 0.402 
       MIN 0.000 
       
AVG%
a
 
4.52% 
a
 Avg% represents the average of the all the %errors for each catalyst where  
%error = Stdev./(log(t1/2))avg.*100 
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6.5. Computational Procedures and Data for Chapter 3 
6.5.1. Descriptors 
Most of the descriptors utilized in this study are included in the commercial Molecular 
Operating Environment package.
616
  Most descriptors that are dependent on the absolute 
orientation of the molecules in space (i.e. X-3D) were not included, such as, the solvation free 
energy difference upon substrate binding (E_rsol) or Electrostatic interaction energy (E_rele).  
However, descriptors such as the x,y,z components of the dipole and and principle moments of 
inertia were included. This required investigation of different absolute orientations in space.  
Also, many structures included in the selectivity study were not included in the activity study and 
vice versa.  Therefore, the coordinates of all of the structures in the activity study are included 
below. 
Descriptors not included in the MOE package are available from the Chemical 
Computing Group web page via the SVL (scientific vector language) exchange with the 
exception of the quaternary ammonium surface area descriptor.
617
  Copyright prohibits the 
distribution of the SVL code in its entirety.  That said, the code is simple and can be 
reassembled.  But first, the SVL disclaimer to recognize that we did not invent this technology: 
 
// COPYRIGHT (C) 2007-2009 CHEMICAL COMPUTING GROUP INC.  ALL RIGHTS RESERVED. 
// 
// PERMISSION TO USE, COPY, MODIFY AND DISTRIBUTE THIS SOFTWARE IS HEREBY 
// GRANTED PROVIDED THAT: (1) UNMODIFIED OR FUNCTIONALLY EQUIVALENT CODE 
// DERIVED FROM THIS SOFTWARE MUST CONTAIN THIS NOTICE; (2) ALL CODE DERIVED 
// FROM THIS SOFTWARE MUST ACKNOWLEDGE THE AUTHOR(S) AND INSTITUTION(S); (3) 
// THE NAMES OF THE AUTHOR(S) AND INSTITUTION(S) NOT BE USED IN ADVERTISING 
// OR PUBLICITY PERTAINING TO THE DISTRIBUTION OF THE SOFTWARE WITHOUT 
397 
// SPECIFIC, WRITTEN PRIOR PERMISSION; (4) ALL CODE DERIVED FROM THIS SOFTWARE 
// BE EXECUTED WITH THE MOLECULAR OPERATING ENVIRONMENT (MOE) LICENSED FROM 
// CHEMICAL COMPUTING GROUP INC. 
// 
// CHEMICAL COMPUTING GROUP INC. DISCLAIMS ALL WARRANTIES WITH REGARD TO THIS 
// SOFTWARE, INCLUDING ALL IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS, 
// AND IN NO EVENT SHALL CHEMICAL COMPUTING GROUP INC. BE LIABLE FOR ANY 
// SPECIAL, INDIRECT OR CONSEQUENTIAL DAMAGES OR ANY DAMAGES WHATSOEVER 
// RESULTING FROM LOSS OF USE, DATA OR PROFITS, WHETHER IN AN ACTION OF 
// CONTRACT, NEGLIGENCE OR OTHER TORTIOUS ACTION, ARISING OUT OF OR IN 
// CONNECTION WITH THE USE OR PERFORMANCE OF THIS SOFTWARE. 
 
Ammonium SA calculation was done by enclosing the following in a database loop: 
First: searching for an ammonium ion with: n_cccc = sm_MatchAll   [ '[N+](C)(C)(C)C', 
all_atoms, [] ]; 
Second: separating heavy atoms from hydrogen using the code available in mol_surface_area.svl 
on the SVL exchange (by cw and db)  
Third: selecting the ammonium ions with aSetSelected [n_cccc, 1] 
Fourth: and calculating the surface area with: Descriptor = add AtomSurfaceArea[];  
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6.5.2. Automated Model Development Methodology: GA settings 
The genetic algorithm utilized in these studies is available via the SVL exchange as well 
and was posted by Junichi Goto. QuaSAR-Evolution is a product of Ryoka Systems Inc.
618
 The 
version utilized for these studies was 2010.02.13. 
 
The typical settings for a run over ~100 datapoints and four descriptors (initial length) is below. 
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Raw data for Figure 3.3 in text 
Generation ASA- FASA- 
PEOE_ 
VSA+1 
PEOE 
_VSA_NEG 
Q_VSA 
_HYD 
Q_VSA 
_POL 
NC4_SA 
SMR_ 
VSA5 
SMR_ 
VSA6 
SlogP_ 
VSA9 
0 15 8 12 12 15 15 14 12 16 13 
100 16 9 13 12 18 17 15 12 17 14 
200 17 7 14 13 19 18 15 15 17 16 
300 18 8 17 14 20 18 15 10 19 16 
400 18 8 17 15 21 19 15 10 20 16 
500 18 8 17 16 22 19 15 10 20 17 
600 18 8 17 17 27 19 16 9 22 17 
700 19 9 17 19 28 20 16 10 24 18 
800 20 9 17 20 30 21 16 10 24 20 
900 21 10 17 22 30 25 17 10 24 20 
1000 23 10 18 22 33 26 17 12 26 20 
1100 23 13 19 26 34 28 17 12 29 23 
1200 24 13 20 27 24 29 17 13 29 23 
1300 28 13 20 28 25 31 20 14 30 23 
1400 28 13 20 29 24 32 20 13 31 23 
1500 29 13 22 33 24 33 20 13 32 25 
1600 30 14 23 33 23 35 20 13 34 26 
1700 31 15 24 29 21 37 20 14 37 26 
1800 31 15 25 29 21 37 21 14 40 26 
1900 33 16 25 29 21 38 21 12 41 26 
2000 35 18 25 28 21 38 21 12 42 27 
2100 36 19 25 29 19 39 21 12 46 29 
2200 36 18 26 29 20 41 21 12 47 29 
2300 37 19 30 31 20 36 21 13 48 30 
2400 38 19 30 33 20 34 21 14 48 30 
2500 40 19 32 32 19 32 22 14 50 37 
2600 42 19 32 28 21 32 25 14 53 40 
2700 45 19 32 27 21 32 28 14 59 40 
2800 46 20 28 27 22 31 30 14 51 38 
2900 47 20 26 27 22 31 31 14 46 32 
3000 47 23 25 28 23 31 33 13 45 30 
3100 48 24 25 27 24 31 34 17 43 31 
3200 50 25 25 27 23 32 37 17 44 30 
3300 51 27 25 27 22 33 38 17 46 30 
3400 51 26 24 28 20 37 39 17 47 30 
3500 53 27 24 31 21 38 39 18 45 31 
3600 57 27 24 29 21 39 39 20 45 32 
3700 59 29 24 29 21 40 41 20 47 33 
3800 63 29 26 31 21 42 43 20 49 33 
3900 65 30 27 31 21 42 45 21 49 33 
400 
4000 69 31 28 30 21 42 48 21 52 33 
4100 73 33 29 30 21 44 48 21 53 33 
4200 79 33 29 32 20 47 50 19 55 33 
4300 81 33 31 31 19 47 50 19 55 34 
4400 83 35 31 31 20 50 52 20 55 35 
4500 86 35 34 31 20 51 52 20 55 36 
4600 86 35 35 30 21 51 52 21 56 36 
4700 86 36 35 30 21 52 54 21 56 36 
4800 88 36 35 32 21 52 57 21 57 36 
4900 84 37 37 33 21 55 57 21 58 36 
5000 80 37 38 33 20 56 59 22 58 36 
5100 72 38 39 33 20 57 59 24 58 37 
5200 67 38 39 33 20 58 61 24 58 38 
5300 63 39 39 33 20 58 63 24 58 39 
5400 64 40 40 33 20 58 64 24 58 39 
5500 64 41 40 31 20 59 66 23 59 40 
5600 64 42 40 31 20 60 67 23 59 41 
5700 64 42 42 31 20 61 67 24 60 41 
5800 65 43 43 31 20 61 69 24 60 41 
5900 66 44 43 32 20 61 69 24 60 41 
6000 65 46 43 32 20 62 69 24 61 42 
6100 64 46 44 33 20 62 71 25 62 42 
6200 61 48 44 34 21 62 73 26 64 42 
6300 62 48 46 35 21 63 74 26 66 44 
6400 62 48 46 35 21 63 76 26 66 44 
6500 63 48 46 35 21 63 77 26 66 44 
6600 64 48 49 35 21 64 77 27 66 45 
6700 65 48 50 35 22 66 79 28 67 45 
6800 66 48 50 35 23 66 79 28 67 45 
6900 67 47 50 35 24 66 80 28 67 46 
7000 67 48 50 35 24 66 81 28 69 46 
7100 68 48 51 35 25 67 81 28 69 47 
7200 68 47 51 35 25 67 83 27 69 48 
7300 68 48 52 36 25 67 85 27 70 48 
7400 67 48 53 37 25 67 86 27 71 48 
7500 67 49 53 38 25 67 88 27 71 48 
7600 68 48 54 38 25 67 89 27 71 50 
7700 69 48 55 38 25 67 91 27 71 50 
7800 68 48 55 38 26 67 94 27 71 51 
7900 68 48 55 39 26 67 97 27 71 51 
8000 68 48 56 39 26 68 97 28 71 52 
8100 69 47 56 39 26 69 97 28 71 53 
8200 69 47 56 39 26 69 98 28 71 54 
401 
8300 69 47 56 39 26 70 101 28 72 53 
8400 69 47 56 39 26 71 101 28 73 53 
8500 69 46 56 39 26 71 105 28 73 54 
8600 70 46 56 40 26 71 105 28 73 55 
8700 70 46 56 40 26 71 105 28 73 55 
8800 70 46 56 40 26 72 105 28 74 56 
8900 71 47 58 41 26 72 108 28 74 56 
9000 72 47 59 41 27 72 108 28 75 57 
9100 72 47 59 41 28 72 109 28 75 57 
9200 72 47 61 41 29 72 110 28 75 57 
9300 72 47 61 41 29 72 110 28 75 57 
9400 72 48 61 41 29 71 111 28 75 59 
9500 72 48 61 41 28 72 112 29 75 59 
9600 72 48 62 41 28 72 112 29 75 60 
9700 73 48 62 41 28 73 112 29 76 60 
9800 73 48 63 41 28 74 113 29 77 60 
9900 72 48 65 41 26 74 114 29 78 60 
10000 72 48 65 41 26 74 114 29 78 62 
10100 71 48 65 42 26 73 115 29 79 63 
10200 71 48 65 42 26 73 116 29 79 63 
10300 71 48 65 42 26 75 116 29 79 63 
10400 70 47 65 42 26 75 116 29 79 64 
10500 70 47 65 42 26 75 118 30 79 64 
10600 70 47 66 42 26 75 119 30 79 65 
10700 70 48 67 41 27 75 119 30 79 65 
10800 70 48 68 40 27 75 119 30 79 66 
10900 69 48 68 39 27 76 120 30 79 67 
11000 69 47 70 39 28 76 120 30 79 67 
11100 68 47 71 39 28 76 121 30 79 67 
11200 68 46 71 39 28 77 121 30 79 67 
11300 68 46 71 39 28 77 121 30 79 68 
11400 66 46 72 39 28 77 122 30 79 69 
11500 65 46 72 40 29 77 122 30 78 68 
11600 65 45 73 40 29 77 122 29 78 69 
11700 65 45 74 40 29 77 122 29 78 69 
11800 65 44 74 40 29 77 123 29 78 69 
11900 65 44 75 40 29 77 123 29 78 69 
12000 64 44 75 40 30 77 123 29 78 70 
12100 64 44 75 41 31 77 124 29 79 70 
12200 64 44 75 41 31 77 125 29 79 70 
12300 64 44 75 41 31 77 125 29 79 70 
12400 64 44 75 41 31 77 126 29 79 70 
12500 64 45 76 41 31 77 126 29 79 70 
402 
12600 64 45 77 41 31 77 126 29 79 71 
12700 64 45 79 41 31 78 126 29 79 71 
12800 64 45 79 41 31 78 126 29 79 71 
12900 64 45 79 41 31 78 126 29 79 71 
13000 64 45 79 41 31 78 126 29 79 71 
13100 64 45 79 41 31 77 126 29 79 72 
13200 64 45 79 41 31 76 127 29 79 72 
13300 64 45 79 41 31 76 127 29 79 72 
13400 64 44 80 41 31 76 127 29 79 72 
13500 64 43 80 41 31 76 127 29 79 73 
13600 64 43 80 41 31 76 127 29 79 74 
13700 64 43 80 41 31 76 127 29 79 74 
13800 64 42 80 41 31 76 127 29 79 76 
13900 64 42 80 41 31 76 127 29 79 76 
14000 64 42 80 41 31 76 127 29 79 76 
14100 62 42 80 41 31 76 127 29 80 77 
14200 62 41 80 40 31 76 129 29 80 77 
14300 62 41 80 40 31 76 129 29 80 77 
14400 62 41 80 40 31 75 129 29 80 77 
14500 62 41 80 40 31 74 129 29 81 77 
14600 62 41 80 40 31 74 129 29 81 77 
14700 62 41 80 40 31 74 129 29 81 77 
14800 62 41 80 40 31 73 130 29 81 77 
14900 62 41 81 40 31 73 130 29 81 77 
15000 62 41 81 40 31 73 130 29 81 77 
 
  
403 
QSAR 
for q q  NC4_SA q 
0.324 0.400  44.335 0.400 
0.352 0.411  49.183 0.411 
0.380 0.422  45.635 0.422 
0.380 0.425  50.047 0.425 
0.408 0.433  52.642 0.433 
0.408 0.436  58.245 0.436 
0.408 0.443  45.705 0.443 
0.436 0.444  45.370 0.444 
0.436 0.447  41.648 0.450 
0.436 0.450  54.953 0.454 
0.436 0.454  53.200 0.458 
0.464 0.458  48.893 0.461 
0.464 0.461  48.237 0.465 
0.464 0.465  59.045 0.467 
0.436 0.467  51.104 0.468 
0.464 0.468  55.788 0.472 
0.492 0.472  45.310 0.476 
0.492 0.475  63.031 0.478 
0.492 0.476  56.461 0.479 
0.464 0.478  58.505 0.486 
0.492 0.479  46.838 0.486 
0.492 0.486  48.735 0.489 
0.520 0.486  43.460 0.490 
0.492 0.489  49.933 0.492 
0.520 0.490  45.745 0.493 
0.492 0.492  48.364 0.497 
0.520 0.493  46.581 0.500 
0.520 0.497  50.262 0.500 
0.549 0.500  54.348 0.500 
0.520 0.500  30.736 0.503 
0.464 0.500  60.601 0.504 
0.520 0.503  55.510 0.508 
0.549 0.504  55.063 0.510 
0.549 0.508  58.216 0.511 
0.520 0.510  57.801 0.511 
0.549 0.511  38.717 0.514 
0.492 0.511  47.354 0.517 
0.549 0.514  53.200 0.518 
0.549 0.517  50.047 0.521 
0.577 0.518  47.185 0.522 
0.549 0.521  53.686 0.522 
404 
0.577 0.522  58.673 0.525 
0.520 0.522  49.132 0.529 
0.520 0.525  50.064 0.532 
0.577 0.528  52.411 0.533 
0.577 0.529  63.050 0.533 
0.577 0.532  62.591 0.535 
0.549 0.533  54.372 0.536 
0.549 0.533  38.270 0.536 
0.577 0.535  53.722 0.540 
0.605 0.536  46.535 0.542 
0.549 0.536  54.760 0.543 
0.605 0.540  48.196 0.544 
0.605 0.542  49.316 0.546 
0.549 0.543  45.612 0.547 
0.577 0.544  45.758 0.550 
0.605 0.546  66.387 0.550 
0.577 0.547  58.784 0.552 
0.577 0.550  50.535 0.554 
0.492 0.550  53.640 0.554 
0.605 0.552  58.536 0.556 
0.633 0.554  53.896 0.558 
0.577 0.554  49.567 0.560 
0.605 0.556  45.414 0.561 
0.605 0.558  53.773 0.561 
0.633 0.560  54.541 0.563 
0.605 0.561  56.722 0.565 
0.520 0.561  51.551 0.567 
0.633 0.563  58.267 0.568 
0.605 0.565  51.208 0.569 
0.577 0.567  42.280 0.571 
0.605 0.568  51.921 0.572 
0.633 0.569  50.738 0.575 
0.661 0.571  57.188 0.575 
0.549 0.572  47.148 0.576 
0.633 0.575  47.730 0.577 
0.549 0.575  53.691 0.578 
0.633 0.576  57.169 0.579 
0.661 0.577  51.917 0.583 
0.605 0.578  47.894 0.583 
0.633 0.579  49.833 0.586 
0.661 0.583  56.858 0.586 
0.577 0.583  51.934 0.587 
0.633 0.586  54.418 0.589 
405 
0.577 0.586  61.448 0.592 
0.661 0.587  36.889 0.593 
0.633 0.589  46.646 0.593 
0.633 0.592  49.316 0.595 
0.661 0.593  49.100 0.597 
0.577 0.593  43.372 0.597 
0.689 0.595  47.801 0.600 
0.661 0.597  40.858 0.600 
0.605 0.597  36.811 0.600 
0.661 0.600  40.336 0.601 
0.605 0.600  59.492 0.603 
0.605 0.600  58.806 0.604 
0.689 0.601  53.264 0.610 
0.661 0.603  49.462 0.611 
0.605 0.604  51.156 0.611 
0.661 0.610  42.444 0.611 
0.689 0.611  48.695 0.611 
0.689 0.611  61.987 0.615 
0.633 0.611  39.888 0.617 
0.633 0.611  52.218 0.617 
0.633 0.615  55.684 0.618 
0.689 0.617  51.291 0.619 
0.605 0.617  54.088 0.621 
0.633 0.618  50.367 0.622 
0.717 0.619  55.150 0.625 
0.689 0.621  47.199 0.625 
0.661 0.622  64.704 0.625 
0.717 0.625  52.868 0.628 
0.661 0.625  45.310 0.629 
0.661 0.625  38.397 0.629 
0.633 0.628  40.660 0.633 
0.717 0.629  41.096 0.633 
0.661 0.629  52.004 0.635 
0.689 0.633  49.854 0.636 
0.520 0.633  48.497 0.636 
0.717 0.635  58.610 0.639 
0.661 0.636  39.349 0.642 
0.689 0.636  51.313 0.642 
0.661 0.639  50.193 0.643 
0.661 0.642  52.886 0.643 
0.661 0.642  47.313 0.643 
0.745 0.643  56.821 0.644 
0.689 0.643  48.643 0.644 
406 
0.689 0.643  55.789 0.647 
0.717 0.644  46.142 0.650 
0.549 0.644  45.205 0.650 
0.689 0.647  46.774 0.652 
0.717 0.650  55.847 0.653 
0.633 0.650  48.231 0.654 
0.745 0.652  47.080 0.656 
0.689 0.653  45.466 0.658 
0.717 0.654  48.155 0.658 
0.577 0.656  54.261 0.660 
0.745 0.658  46.100 0.661 
0.577 0.658  50.586 0.661 
0.689 0.660  57.118 0.667 
0.717 0.661  47.587 0.667 
0.661 0.661  45.466 0.667 
0.773 0.667  59.689 0.667 
0.717 0.667  43.518 0.668 
0.717 0.667  61.362 0.669 
0.605 0.667  53.855 0.671 
0.745 0.668  39.581 0.672 
0.605 0.669  35.275 0.675 
0.717 0.671  46.233 0.676 
0.689 0.672  57.394 0.676 
0.689 0.675  35.408 0.678 
0.773 0.676  61.866 0.679 
0.605 0.676  55.516 0.681 
0.745 0.678  54.290 0.683 
0.745 0.679  59.090 0.683 
0.633 0.681  64.310 0.685 
0.717 0.683  47.866 0.686 
0.633 0.683  50.668 0.686 
0.745 0.685  65.047 0.687 
0.773 0.686  43.847 0.692 
0.717 0.686  53.763 0.693 
0.633 0.687  53.105 0.694 
0.773 0.692  46.947 0.694 
0.717 0.693  50.139 0.698 
0.745 0.694  37.283 0.700 
0.661 0.694  51.678 0.700 
0.661 0.698  58.290 0.700 
0.801 0.700  58.536 0.700 
0.745 0.700  46.123 0.700 
0.745 0.700  51.469 0.701 
407 
0.661 0.700  44.875 0.702 
0.633 0.700  54.175 0.704 
0.661 0.701  46.234 0.708 
0.773 0.702  52.977 0.708 
0.745 0.704  59.034 0.710 
0.773 0.708  44.492 0.711 
0.689 0.708  54.674 0.711 
0.801 0.710  61.923 0.711 
0.773 0.711  61.454 0.712 
0.689 0.711  55.725 0.717 
0.661 0.711  48.584 0.718 
0.689 0.712  57.768 0.719 
0.745 0.717  60.873 0.722 
0.773 0.718  58.180 0.722 
0.689 0.719  49.722 0.725 
0.717 0.722  44.446 0.725 
0.689 0.722  51.852 0.725 
0.801 0.725  53.095 0.726 
0.717 0.725  61.394 0.726 
0.689 0.725  58.957 0.728 
0.801 0.726  46.930 0.730 
0.717 0.726  46.152 0.733 
0.773 0.728  43.901 0.733 
0.717 0.730  55.346 0.736 
0.829 0.733  48.712 0.736 
0.661 0.733  63.205 0.736 
0.801 0.736  39.861 0.742 
0.745 0.736  49.671 0.743 
0.717 0.736  72.646 0.743 
0.801 0.742  41.479 0.743 
0.829 0.743  48.643 0.744 
0.745 0.743  54.180 0.744 
0.717 0.743  49.015 0.750 
0.745 0.744  45.571 0.750 
0.689 0.744  51.528 0.750 
0.829 0.750  53.036 0.750 
0.773 0.750  54.976 0.754 
0.773 0.750  65.715 0.754 
0.745 0.750  59.515 0.756 
0.773 0.754  45.560 0.758 
0.745 0.754  38.595 0.760 
0.717 0.756  49.641 0.761 
0.717 0.758  59.885 0.762 
408 
0.829 0.760  53.293 0.767 
0.801 0.761  55.725 0.767 
0.773 0.762  44.305 0.767 
0.857 0.767  48.510 0.768 
0.773 0.767  60.031 0.768 
0.745 0.767  32.788 0.769 
0.801 0.768  45.246 0.775 
0.773 0.768  48.635 0.776 
0.745 0.769  50.599 0.778 
0.829 0.775  57.407 0.778 
0.745 0.776  56.223 0.783 
0.801 0.778  45.392 0.783 
0.773 0.778  41.584 0.783 
0.857 0.783  52.561 0.786 
0.773 0.783  61.841 0.786 
0.689 0.783  60.200 0.787 
0.829 0.786  59.927 0.792 
0.801 0.786  54.377 0.792 
0.773 0.787  44.272 0.793 
0.829 0.792  56.460 0.794 
0.801 0.792  43.243 0.800 
0.857 0.793  43.407 0.800 
0.717 0.794  42.032 0.800 
0.886 0.800  52.579 0.800 
0.801 0.800  50.627 0.801 
0.773 0.800  48.319 0.806 
0.750 0.800  58.289 0.808 
0.801 0.801  47.546 0.810 
0.745 0.806  39.976 0.810 
0.745 0.808  55.212 0.811 
0.857 0.810  42.124 0.811 
0.829 0.810  70.538 0.811 
0.829 0.811  40.203 0.817 
0.801 0.811  41.457 0.819 
0.778 0.811  60.136 0.819 
0.886 0.817  59.798 0.822 
0.829 0.819  57.344 0.825 
0.773 0.819  51.811 0.825 
0.806 0.822  53.361 0.825 
0.857 0.825  45.462 0.826 
0.829 0.825  55.342 0.833 
0.806 0.825  60.210 0.833 
0.773 0.826  34.173 0.833 
409 
0.886 0.833  43.942 0.833 
0.857 0.833  61.193 0.833 
0.801 0.833  65.888 0.836 
0.801 0.833  48.154 0.837 
0.834 0.833  56.259 0.843 
0.834 0.836  52.218 0.843 
0.801 0.837  69.806 0.843 
0.886 0.843  46.134 0.844 
0.857 0.843  68.621 0.847 
0.834 0.843  54.052 0.850 
0.829 0.844  57.146 0.850 
0.863 0.847  47.441 0.850 
0.914 0.850  57.215 0.850 
0.829 0.850  56.264 0.851 
0.801 0.850  68.928 0.854 
0.863 0.850  43.743 0.858 
0.829 0.851  53.101 0.861 
0.863 0.854  34.804 0.861 
0.857 0.858  61.586 0.861 
0.857 0.861  52.218 0.865 
0.829 0.861  56.543 0.867 
0.891 0.861  59.080 0.867 
0.891 0.865  42.745 0.867 
0.914 0.867  69.979 0.867 
0.886 0.867  64.809 0.868 
0.717 0.867  48.313 0.869 
0.863 0.867  54.906 0.875 
0.891 0.868  61.280 0.875 
0.857 0.869  69.742 0.876 
0.857 0.875  56.937 0.878 
0.919 0.875  65.847 0.878 
0.886 0.876  63.501 0.879 
0.745 0.878  64.512 0.883 
0.891 0.878  60.163 0.886 
0.919 0.879  48.195 0.889 
0.829 0.883  68.714 0.889 
0.919 0.886  49.896 0.892 
0.773 0.889  63.542 0.892 
0.919 0.889  37.091 0.893 
0.773 0.892  44.313 0.893 
0.919 0.892  51.249 0.893 
0.914 0.893  71.529 0.893 
0.886 0.893  38.717 0.894 
410 
0.947 0.893  56.675 0.897 
0.857 0.894  55.022 0.900 
0.947 0.897  39.216 0.900 
0.942 0.900  56.630 0.900 
0.914 0.900  56.461 0.903 
0.891 0.900  72.842 0.903 
0.801 0.903  59.537 0.908 
0.947 0.903  53.937 0.910 
0.886 0.908  62.837 0.910 
0.801 0.910  61.586 0.911 
0.947 0.910  67.031 0.911 
0.975 0.911  58.546 0.917 
0.919 0.911  49.955 0.917 
0.942 0.917  48.091 0.917 
0.914 0.917  70.990 0.917 
0.829 0.917  55.556 0.921 
0.975 0.917  68.142 0.921 
0.829 0.921  72.389 0.922 
0.975 0.921  58.029 0.925 
0.947 0.922  62.881 0.926 
0.947 0.925  62.469 0.929 
0.914 0.926  61.326 0.933 
1.003 0.929  63.112 0.933 
0.942 0.933  57.362 0.933 
0.857 0.933  57.215 0.933 
0.829 0.933  55.428 0.935 
0.975 0.933  63.519 0.935 
0.857 0.935  49.159 0.936 
1.003 0.935  61.110 0.943 
0.975 0.936  54.459 0.944 
0.975 0.943  64.879 0.944 
0.886 0.944  56.153 0.944 
0.857 0.944  48.754 0.950 
1.003 0.944  35.728 0.950 
0.970 0.950  68.257 0.950 
0.942 0.950  65.609 0.950 
1.003 0.950  51.080 0.952 
0.919 0.950  64.749 0.952 
0.886 0.952  56.588 0.954 
1.031 0.952  51.619 0.958 
1.003 0.954  51.648 0.958 
0.914 0.958  60.704 0.958 
0.886 0.958  76.818 0.961 
411 
1.031 0.958  72.156 0.967 
0.947 0.961  55.957 0.967 
0.857 0.967  68.319 0.968 
1.003 0.967  61.261 0.972 
1.031 0.968  55.985 0.975 
0.975 0.972  49.329 0.976 
0.975 0.975  64.942 0.976 
0.942 0.976  54.673 0.976 
0.914 0.976  53.941 0.978 
1.059 0.976  57.681 0.978 
0.886 0.978  55.852 0.983 
1.031 0.978  69.939 0.986 
0.970 0.983  59.514 0.986 
1.059 0.986  49.467 0.992 
1.003 0.986  67.716 0.992 
0.914 0.992  65.348 0.993 
1.059 0.992  58.755 1.000 
1.003 0.993  57.133 1.000 
0.998 1.000  58.536 1.000 
0.970 1.000  68.465 1.000 
0.942 1.000  52.955 1.000 
1.087 1.000  67.529 1.000 
1.031 1.000  71.617 1.004 
1.031 1.000  58.551 1.010 
1.031 1.004  57.365 1.010 
0.942 1.010  61.992 1.011 
1.087 1.010  73.207 1.017 
1.059 1.011  56.611 1.017 
0.886 1.017  61.156 1.018 
1.031 1.017  47.546 1.025 
1.059 1.018  57.727 1.025 
0.886 1.025  56.355 1.028 
1.087 1.025  57.191 1.028 
0.914 1.028  51.410 1.033 
1.059 1.028  61.733 1.033 
0.998 1.033  64.942 1.033 
0.970 1.033  67.502 1.033 
1.115 1.033  62.080 1.036 
0.947 1.033  53.448 1.042 
1.087 1.036  54.417 1.042 
0.942 1.042  59.583 1.043 
1.087 1.042  61.454 1.044 
1.115 1.043  59.478 1.050 
412 
0.975 1.044  64.297 1.056 
1.059 1.050  59.242 1.058 
1.003 1.056  60.502 1.060 
1.003 1.058  69.747 1.060 
0.970 1.060  59.478 1.061 
1.115 1.060  39.478 1.067 
1.087 1.061  60.808 1.067 
0.998 1.067  76.946 1.069 
1.143 1.067  70.177 1.075 
1.031 1.069  64.768 1.076 
1.115 1.075  65.285 1.076 
1.233 1.076  59.920 1.083 
1.031 1.076  70.364 1.083 
1.026 1.083  62.660 1.083 
0.998 1.083  61.974 1.083 
1.143 1.083  77.056 1.087 
1.059 1.083  58.335 1.093 
1.059 1.087  65.933 1.100 
1.143 1.093  59.688 1.100 
1.171 1.100  74.478 1.100 
0.914 1.100  60.113 1.100 
1.087 1.100  65.503 1.101 
1.059 1.100  51.573 1.111 
1.087 1.101  59.583 1.111 
0.942 1.111  90.726 1.111 
1.115 1.111  65.581 1.111 
1.087 1.111  56.451 1.117 
1.026 1.117  72.918 1.117 
1.171 1.117  60.210 1.119 
1.115 1.119  59.109 1.125 
0.970 1.125  70.903 1.125 
1.143 1.125  66.102 1.125 
1.115 1.125  64.205 1.133 
1.087 1.133  56.108 1.143 
0.998 1.143  60.767 1.143 
1.171 1.143  65.847 1.143 
1.143 1.143  54.161 1.144 
1.115 1.144  59.670 1.150 
1.200 1.150  65.581 1.158 
1.143 1.158  51.668 1.167 
1.054 1.167  55.020 1.167 
1.026 1.167  59.583 1.167 
1.200 1.167  66.752 1.167 
413 
1.171 1.167  66.556 1.176 
1.171 1.176  62.609 1.183 
1.115 1.183  63.071 1.194 
1.143 1.194  56.125 1.200 
1.054 1.200  46.737 1.200 
1.228 1.200  59.346 1.200 
1.200 1.200  73.458 1.200 
1.177 1.200  58.998 1.208 
1.171 1.208  75.699 1.211 
1.205 1.211  70.903 1.222 
1.233 1.222  64.530 1.226 
1.200 1.226  65.980 1.233 
1.228 1.233  72.128 1.236 
1.261 1.236  63.085 1.243 
1.261 1.243  62.733 1.250 
1.082 1.250  67.396 1.250 
1.256 1.250  64.809 1.250 
1.228 1.250  71.443 1.250 
1.289 1.250  83.900 1.254 
1.289 1.254  74.564 1.267 
1.143 1.267  67.698 1.267 
1.289 1.267  71.954 1.268 
1.317 1.268  70.711 1.278 
1.171 1.278  74.084 1.278 
1.317 1.278  68.727 1.283 
1.256 1.283  78.204 1.292 
1.200 1.292  68.627 1.292 
1.345 1.292  59.249 1.300 
1.317 1.300  94.918 1.300 
1.237 1.300  84.399 1.310 
1.373 1.310  71.012 1.310 
1.228 1.310  60.584 1.311 
1.345 1.311  86.529 1.311 
1.265 1.311  94.081 1.322 
1.293 1.322  67.611 1.325 
1.373 1.325  94.639 1.325 
1.293 1.325  54.105 1.333 
1.110 1.333  69.979 1.333 
1.284 1.333  63.176 1.333 
1.256 1.333  68.969 1.333 
1.401 1.333  89.843 1.333 
1.321 1.333  83.813 1.336 
1.321 1.336  72.814 1.343 
414 
1.401 1.343  88.294 1.343 
1.321 1.343  94.036 1.347 
1.350 1.347  62.806 1.350 
1.345 1.350  86.082 1.350 
1.350 1.350  97.807 1.354 
1.350 1.354  79.762 1.361 
1.373 1.361  97.354 1.361 
1.378 1.361  92.375 1.365 
1.378 1.365  59.583 1.367 
1.284 1.367  71.849 1.367 
1.429 1.367  92.033 1.367 
1.350 1.367  87.881 1.368 
1.378 1.368  84.655 1.375 
1.401 1.375  90.640 1.375 
1.406 1.375  105.320 1.378 
1.378 1.378  95.439 1.379 
1.406 1.379  91.992 1.386 
1.406 1.386  86.263 1.389 
1.406 1.389  86.716 1.392 
1.406 1.392  67.936 1.393 
1.429 1.393  94.941 1.393 
1.434 1.393  93.049 1.397 
1.434 1.397  69.482 1.400 
1.457 1.400  89.624 1.400 
1.378 1.400  93.913 1.403 
1.434 1.403  94.941 1.410 
1.434 1.410  91.992 1.411 
1.462 1.411  76.865 1.411 
1.406 1.411  61.347 1.417 
1.312 1.417  77.486 1.417 
1.457 1.417  94.214 1.417 
1.462 1.417  100.652 1.421 
1.462 1.421  92.637 1.422 
1.434 1.422  92.833 1.425 
1.434 1.425  96.496 1.429 
1.490 1.429  80.034 1.433 
1.373 1.433  90.466 1.433 
1.462 1.433  101.465 1.435 
1.490 1.435  96.299 1.436 
1.462 1.436  89.355 1.443 
1.462 1.443  91.609 1.444 
1.401 1.444  92.729 1.444 
1.490 1.444  69.614 1.450 
415 
1.486 1.450  96.501 1.450 
1.490 1.450  85.345 1.450 
1.406 1.450  89.501 1.452 
1.518 1.452  79.169 1.454 
1.490 1.454  80.034 1.458 
1.429 1.458  85.171 1.458 
1.518 1.458  88.596 1.461 
1.434 1.461  89.843 1.467 
1.490 1.467  88.957 1.468 
1.518 1.468  89.867 1.472 
1.462 1.472  96.455 1.475 
1.462 1.475  79.192 1.476 
1.457 1.476  97.186 1.476 
1.546 1.476  97.872 1.478 
1.518 1.478  97.186 1.486 
1.546 1.486  98.458 1.486 
1.490 1.486  98.795 1.492 
1.546 1.492  89.200 1.493 
1.490 1.493  56.734 1.500 
1.340 1.500  70.944 1.500 
1.514 1.500  80.034 1.500 
1.486 1.500  91.371 1.500 
1.574 1.500  90.122 1.500 
1.518 1.500  93.176 1.500 
1.518 1.500  93.355 1.504 
1.518 1.504  90.383 1.510 
1.574 1.510  94.772 1.511 
1.546 1.511  84.079 1.517 
1.518 1.517  96.258 1.518 
1.546 1.518  92.678 1.525 
1.574 1.525  90.580 1.528 
1.546 1.528  67.415 1.533 
1.514 1.533  85.409 1.533 
1.602 1.533  87.992 1.533 
1.434 1.533  93.094 1.536 
1.574 1.536  78.473 1.542 
1.574 1.542  95.834 1.543 
1.602 1.543  92.363 1.544 
1.462 1.544  95.033 1.550 
1.546 1.550  80.225 1.556 
1.490 1.556  87.133 1.558 
1.490 1.558  92.984 1.560 
1.602 1.560  96.542 1.567 
416 
1.630 1.567  86.959 1.569 
1.518 1.569  107.112 1.575 
1.602 1.575  100.390 1.576 
1.518 1.576  67.199 1.583 
1.542 1.583  93.739 1.583 
1.630 1.583  88.678 1.583 
1.546 1.583  85.990 1.587 
1.546 1.587  106.242 1.593 
1.630 1.593  85.902 1.600 
1.603 1.600  103.362 1.600 
1.658 1.600  101.214 1.600 
1.574 1.600  87.987 1.600 
1.546 1.600  96.715 1.601 
1.574 1.601  82.113 1.611 
1.631 1.611  102.707 1.611 
1.602 1.611  90.361 1.611 
1.574 1.611  73.201 1.617 
1.658 1.617  88.856 1.619 
1.602 1.619  82.652 1.625 
1.659 1.625  95.189 1.625 
1.630 1.625  98.992 1.625 
1.602 1.625  92.751 1.633 
1.574 1.633  92.857 1.643 
1.687 1.643  98.429 1.643 
1.658 1.643  90.534 1.643 
1.630 1.643  94.360 1.644 
1.602 1.644  100.176 1.650 
1.687 1.650  89.802 1.658 
1.630 1.658  70.386 1.667 
1.570 1.667  83.905 1.667 
1.715 1.667  98.202 1.667 
1.687 1.667  88.897 1.667 
1.658 1.667  97.807 1.676 
1.658 1.676  95.637 1.683 
1.602 1.683  99.189 1.694 
1.630 1.694  70.085 1.700 
1.743 1.700  96.865 1.700 
1.715 1.700  85.775 1.700 
1.687 1.700  99.769 1.700 
1.664 1.700  94.046 1.708 
1.658 1.708  102.997 1.711 
1.692 1.711  103.399 1.722 
1.720 1.722  105.905 1.725 
417 
1.720 1.725  94.691 1.726 
1.687 1.726  96.647 1.733 
1.715 1.733  105.946 1.736 
1.748 1.736  101.127 1.743 
1.748 1.743  92.230 1.750 
1.771 1.750  117.149 1.750 
1.743 1.750  105.864 1.750 
1.715 1.750  101.634 1.750 
1.776 1.750  98.620 1.754 
1.776 1.754  94.731 1.767 
1.630 1.767  106.810 1.767 
1.776 1.767  70.126 1.768 
1.804 1.768  106.079 1.768 
1.658 1.778  96.084 1.778 
1.804 1.778  108.273 1.778 
1.743 1.783  87.458 1.783 
1.832 1.786  99.632 1.786 
1.687 1.792  92.792 1.792 
1.832 1.792  105.324 1.792 
1.804 1.800  104.007 1.800 
1.715 1.810  96.385 1.810 
1.860 1.810  102.737 1.810 
1.832 1.811  115.176 1.811 
1.860 1.825  117.004 1.825 
1.800 1.833  92.925 1.833 
1.771 1.833  93.198 1.833 
1.743 1.833  100.298 1.833 
1.888 1.833  98.772 1.833 
1.888 1.843  110.503 1.843 
1.832 1.850  109.040 1.850 
1.860 1.861  105.626 1.861 
1.771 1.867  92.710 1.867 
1.916 1.867  102.260 1.867 
1.888 1.875  99.705 1.875 
1.916 1.893  97.048 1.893 
1.944 1.900  100.861 1.900 
1.799 1.917  94.702 1.917 
1.944 1.917  103.723 1.917 
1.860 1.933  111.088 1.933 
1.888 1.944  103.235 1.944 
1.972 1.950  103.682 1.950 
1.916 1.958  100.287 1.958 
1.944 1.976  102.498 1.976 
418 
2.029 2.000  86.089 2.000 
1.827 2.000  116.319 2.000 
2.001 2.000  88.700 2.000 
1.972 2.000  97.588 2.000 
2.001 2.033  104.930 2.033 
2.029 2.083  109.105 2.083 
2.090 2.100  116.447 2.100 
2.118 2.111  116.986 2.111 
2.146 2.125  116.986 2.125 
2.174 2.143  119.070 2.143 
2.057 2.167  116.424 2.167 
2.202 2.167  103.102 2.167 
2.230 2.200  122.187 2.200 
2.151 2.200  150.967 2.200 
2.179 2.211  141.871 2.211 
2.207 2.222  139.276 2.222 
2.207 2.225  144.884 2.225 
2.235 2.236  137.010 2.236 
2.235 2.243  145.742 2.243 
2.258 2.250  113.753 2.250 
2.263 2.250  134.829 2.250 
2.263 2.254  143.210 2.254 
2.263 2.267  136.639 2.267 
2.291 2.268  148.110 2.268 
2.291 2.278  131.236 2.278 
2.319 2.286  149.782 2.286 
2.319 2.292  144.622 2.292 
2.291 2.300  130.650 2.300 
2.347 2.310  140.906 2.310 
2.319 2.311  150.154 2.311 
2.347 2.325  149.335 2.325 
2.286 2.333  136.275 2.333 
2.375 2.333  150.967 2.333 
2.375 2.343  142.067 2.343 
2.319 2.350  137.313 2.350 
2.347 2.361  133.256 2.361 
2.403 2.367  149.120 2.367 
2.375 2.375  151.425 2.375 
2.403 2.393  150.519 2.393 
2.431 2.400  130.755 2.400 
2.431 2.417  133.720 2.417 
2.347 2.433  132.328 2.433 
2.375 2.444  132.118 2.444 
419 
2.459 2.450  131.445 2.450 
2.403 2.458  139.753 2.458 
2.431 2.476  143.118 2.476 
2.516 2.500  144.918 2.500 
2.488 2.500  143.432 2.500 
2.459 2.500  130.812 2.500 
2.488 2.533  145.619 2.533 
2.516 2.583  138.532 2.583 
2.577 2.600  150.670 2.600 
2.605 2.611  149.811 2.611 
2.633 2.625  152.557 2.625 
2.661 2.643  147.240 2.643 
2.544 2.667  146.573 2.667 
2.689 2.667  150.885 2.667 
2.717 2.700  152.069 2.700 
2.745 2.750  159.703 2.750 
2.773 2.833  153.148 2.833 
3.003 3.000  163.197 3.000 
2.895 3.063  188.139 3.063 
3.064 3.100  193.573 3.100 
3.092 3.111  191.244 3.111 
3.120 3.125  202.477 3.125 
3.148 3.143  186.206 3.143 
3.176 3.167  186.189 3.167 
3.204 3.200  191.187 3.200 
3.232 3.250  190.320 3.250 
3.260 3.333  199.603 3.333 
3.490 3.500  206.789 3.500 
3.977 4.000  247.932 4.000 
 
 
420 
Data for a two-component fit of accessibility parameter q. 
QuaSAR-Model(PLS): c:/moe/scquats-10.mdb 
Observations                 : 715 
ROOT MEAN SQUARE ERROR (RMSE): 0.07097      
CORRELATION COEFFICIENT (R2) : 0.98592      
CROSS-VALIDATED RMSE         : 0.07290      
CROSS-VALIDATED R2           : 0.98514      
ESTIMATED LINEAR MODEL 
q  = -7.50166  -6.03177 * logP(o/w) +5.27400 * PEOE_VSA_POS  
 
  
421 
Data for Figure 3.5. Comparison of logP(o/w) and logP(b/w) 
ammonium 
ion 
logP(b/w) logP(o/w) 
1{1} -5.588 3.448 
1{2} -4.643 4.668 
1{4} -2.947 5.925 
1{6} -5.031 3.941 
2{1,1} -7.379 2.433 
2{1,2} -6.487 3.653 
2{1,3} -6.830 3.692 
2{1,4} -4.756 4.910 
2{1,5} -11.214 4.414 
2{2,1} -3.081 4.833 
2{2,2} -2.148 6.053 
2{2,3} -2.426 6.092 
2{3,1} -2.299 5.326 
2{3,2} -1.422 6.546 
2{3,5} -6.120 7.307 
2{3,6} -1.564 5.819 
2{4,1} -6.744 2.743 
2{4,2} -5.871 3.963 
2{4,3} -6.170 4.002 
2{5,1} -5.011 3.872 
2{5,2} -4.515 5.092 
2{5,3} -4.459 5.131 
2{5,4} -2.814 6.349 
2{5,5} -8.659 5.853 
3{1,3} -7.624 3.692 
3{3,1} -3.214 5.326 
3{3,2} -2.113 6.546 
3{3,3} -2.554 6.585 
3{3,6} -2.675 5.819 
3{5,1} -5.622 3.872 
3{5,2} -4.477 5.092 
4{2,2,1} -2.591 5.240 
4{2,2,2} -1.660 6.460 
4{3,2,1} -1.445 6.212 
4{3,2,5} -5.142 8.193 
4{5,2,5} -4.419 8.668 
5{1,2,1} -2.530 5.191 
5{1,2,5b} -3.323 5.191 
5{1,2,6} -1.672 5.684 
422 
5{1,2,7b} 0.839 8.300 
5{1,2,8b} -4.417 5.147 
5{1,2,8} -3.617 5.147 
5{2,2,1} -2.071 5.598 
5{2,2,3} -1.310 6.857 
5{2,2,5} -5.674 7.579 
5{2,2,6} -1.092 6.091 
5{2,2,7} 2.234 8.707 
5{2,2,8} -3.094 5.554 
5{2,3,1} -1.139 6.091 
5{2,3,2} -0.261 7.311 
5{2,3,3} -0.540 7.350 
5{2,3,5} -4.789 8.072 
5{2,3,6} -0.404 6.584 
5{2,3,7} 3.331 9.200 
5{2,3,8} -2.276 6.047 
5{2,7,1} -3.229 5.554 
5{3,2,1} -0.901 6.570 
5{3,2,5} -4.445 8.551 
5{3,2,6} 0.085 7.063 
5{3,2,7} 3.288 9.679 
5{3,3,1} -0.044 7.063 
5{3,3,3} 0.578 8.322 
5{3,3,5} -3.630 9.044 
5{3,3,8} -1.174 7.019 
5{3,7,5} -5.328 8.507 
5{3,7,8} -2.994 6.482 
5{4,2,5} -5.132 9.062 
5{5,2,10} -1.902 6.705 
5{5,2,1} -0.427 7.045 
5{5,2,2} 0.529 8.265 
5{5,2,3} 0.416 8.304 
5{5,2,5} -3.140 9.026 
5{5,2,8} -1.464 7.001 
5{5,2,9} -2.804 7.980 
5{5,3,1} 0.517 7.538 
5{5,3,2} 1.453 8.758 
5{5,3,3} 1.139 8.797 
5{5,3,5} -2.990 9.519 
5{5,3,7} 4.950 10.647 
5{5,3,8} -0.621 7.494 
5{5,6,1} -2.530 9.026 
5{5,6,5} -6.356 11.006 
423 
5{5,6,8} -3.485 8.982 
5{5,7,1} -1.572 7.001 
5{5,7,2} -0.604 8.221 
5{5,7,3} -0.718 8.260 
5{5,7,5} -4.714 8.982 
5{5,7,7} 2.569 10.110 
5{6,2,1} 0.895 8.009 
5{6,2,8} -0.143 7.965 
5{7,2,10} -1.004 7.925 
5{7,2,1} 0.452 8.265 
5{7,2,5} -3.083 10.246 
5{7,2,8} -0.600 8.221 
5{7,2,9} -2.002 9.200 
6{1b} -6.168 3.006 
6{2b} -5.125 4.226 
6{3} -5.629 4.265 
Bu3Bn -3.142 5.825 
mE3Cet -4.347 6.547 
Me4N -13.771 -0.154 
Et4N -9.911 1.210 
Pr4N -6.516 3.666 
Bu4N -3.793 5.434 
Hex4N 0.998 8.970 
Hept4N 3.112 10.738 
Oct4N 5.265 12.506 
 
  
424 
Models in Table 3.2 and Table 3.3 in the Text 
Table 3.2.  Comparison of Models Based on Various Descriptor Classes 
descriptor class 
# of 
descriptors 
R
2
 Q
2
LOO
a 
RMSE
b 
F
c 
Inductive 2 0.461 0.412 1.15 43.23 
 4 0.583 0.543 1.01 34.65 
 5 0.613 0.537 0.98 31.07 
 6 0.635 0.552 0.95 28.07 
 7 0.648 0.564 0.93 25.23 
+/- SA 2 0.483 0.458 1.09 46.16 
 4 0.561 0.524 1.00 30.93 
 5 0.591 0.546 0.97 27.70 
 6 0.618 0.562 0.94 25.60 
 7 0.642 0.569 0.91 24.07 
volsurf 2 0.589 0.567 1.01 72.33 
 4 0.655 0.610 0.92 47.02 
 5 0.686 0.641 0.88 42.76 
 6 0.707 0.664 0.85 38.95 
 7 0.721 0.674 0.83 35.48 
SMR & SLogP 2 0.541 0.518 1.06 59.55 
 4 0.671 0.651 0.90 50.57 
 5 0.703 0.666 0.86 46.35 
 6 0.726 0.685 0.82 42.84 
 7 0.746 0.692 0.79 40.32 
electrostatic 
surface area 
2 0.550 0.538 1.05 61.67 
4 0.710 0.604 0.85 60.54 
 5 0.746 0.712 0.79 57.48 
 6 0.786 0.635 0.73 59.41 
 7 0.808 0.782 0.69 57.75 
 
  
425 
Inductive 
Entry 1: -log(t1/2) =-9.12379 + -5.33198 * Average_Softness + 16.7386 * Largest_Rs_mol_i 
Entry 2: -log(t1/2) = 132.869 + -8.05427 * Average_Softness + -57.3954 * EO_Equalized + 
89.1137 * Largest_Rs_mol_i + 60.58 * Most_Neg_Sigma_mol_i 
Entry 3: -log(t1/2) = 5.71073 + -10.1131 * Average_Softness + -52.2686 * Global_Hardness + 
37.8258 * Largest_Rs_mol_i + 21.2859 * Most_Neg_Sigma_mol_i + 6.28041 * 
Most_Pos_Sigma_i_mol 
Entry 4: -log(t1/2) = 6.86812 + -9.4564 * Average_Softness + -53.0013 * Global_Hardness + 
49.8113 * Largest_Rs_mol_i + 33.1581 * Most_Neg_Sigma_mol_i + 6.28203 * 
Most_Pos_Sigma_i_mol + -1.81529 * Most_Pos_Sigma_mol_i 
Entry 5: -log(t1/2) = 89.2412 + -8.32409 * Average_Softness + -36.5806 * EO_Equalized + 
85.0993 * Largest_Rs_mol_i + -6.74916 * Most_Neg_Sigma_i_mol + 66.6692 * 
Most_Neg_Sigma_mol_i + -27.2047 * Most_Pos_Charge + 6.37788 * 
Most_Pos_Sigma_i_mol 
  
426 
Charged SA 
Entry 1: -log(t1/2) =-10.8431 + 0.0109799 * ASA_H + 15.4503 * Q_VSA_FPPOS 
Entry 2: -log(t1/2) =-10.7577 + -14.5851 * FASA_P + 0.0205832 * PEOE_VSA_NEG + 5.5423 
* Q_VSA_FPOS + 28.1798 * Q_VSA_FPPOS 
Entry 3: -log(t1/2) = =-12.3193 + -16.2969 * FASA_P + 0.0211566 * PEOE_VSA_NEG + 
8.65889 * Q_RPC+ + 6.34942 * Q_VSA_FPOS + 26.7961 * Q_VSA_FPPOS 
Entry 4: -log(t1/2) = =-36.1718 + 0.0202248 * ASA_H + -0.022317 * DASA + 36.0758 * 
FASA+ + -2.57178 * PEOE_PC- + -0.0191033 * PEOE_VSA_POS + 20.2266 * 
Q_VSA_FPPOS 
Entry 5: -log(t1/2) = 3.4014 + 0.0680131 * SM4_aq + 0.107798 * SMR_VSA3 + -0.170898 * 
SMR_VSA4 + 0.0083308 * SMR_VSA5 + 0.0327161 * SMR_VSA6 + -0.134322 * 
SlogP_VSA4 + 0.0694595 * SlogP_VSA6 
  
427 
VolSurf 
Entry 1: -log(t1/2) =-12.9787 + -0.0325962 * vsurf_D8 + 0.0124348 * vsurf_Wp1 
SMR and SLogP 
Entry 2: -log(t1/2) =-13.758 + -0.0213656 * vsurf_D6 + -0.043353 * vsurf_D8 + -0.008299 * 
vsurf_HB2 + 0.0223818 * vsurf_Wp1 
Entry 3: -log(t1/2) =-12.6515 + 0.0222905 * vsurf_D1 + -0.0346933 * vsurf_D6 + -0.0356011 * 
vsurf_D8 + -0.334797 * vsurf_EWmin1 + -0.00855915 * vsurf_HB1 
Entry 4: -log(t1/2) =-11.9649 + -5.91338 * vsurf_CW3 + 0.0198208 * vsurf_D1 + -0.0401578 * 
vsurf_D6 + 0.0903632 * vsurf_DW23 + -0.641762 * vsurf_EWmin1 + 0.965719 * 
vsurf_ID6 
Entry 5: -log(t1/2) =-25.6727 + 4.7691 * vsurf_CW1 + -6.80098 * vsurf_CW3 + 0.0228399 * 
vsurf_D1 + -0.0428122 * vsurf_D6 + 0.109842 * vsurf_DW23 + -0.605223 * 
vsurf_EWmin1 + 1.26984 * vsurf_ID6 
  
428 
TAE/RECON 
Entry 1: -log(t1/2) = 0.946438 + 1.55043e+006 * RA_Del(G)N4 + -5.08605e+007 * RA_LAPL4 
Entry 2: -log(t1/2) = -11.0269 + 103.335 * RA_2D_pEP3 + -1.79254e+006 * RA_Del(K)N13 + 
0.0211335 * RECON_EP7 + -329.218 * RECON_SIEPMin 
Entry 3: -log(t1/2) = -10.4679 + -2459.01 * RA_2D_EP6 + 2745.36 * RA_EP7 + 19698.3 * 
RA_nEP12 + 98.6584 * RA_pEP2 + 0.0206698 * RECON_EP7 
Entry 4: -log(t1/2) = -7.17492 + 95.4226 * RA_2D_pEP3 + 2.71324e+007 * RA_LAPL13 + -
278.226 * RA_PIP13 + 0.0196815 * RECON_EP7 + 60.6902 * RECON_FDel(K)NA4 
+ -61.7745 * RECON_FLapl7 
Entry 5: -log(t1/2) = -8.56523 + -3035.28 * RA_2D_EP2 + -1154.32 * RA_2D_EP6 + 128.215 * 
RA_pEP2 + -17702.5 * RECON_Del(Rho)NMax + 0.0257746 * RECON_EP7 + -
144.31 * RECON_FDel(G)NA2 + 60.5152 * RECON_FDel(K)NA4 
  
429 
Table 3.3. Comparison of XSA, log(XSA), and logP(b/w) Models 
dominant
a
 
descriptor 
# of 
descriptors 
R
2
 Q
2
LOO
b 
RMSE
c 
F
dc 
- 2 0.564 0.539 0.44 63.90 
a*logP(b/w)
2
 3 0.635 0.626 0.40 56.76 
+ 4 0.702 0.690 0.36 57.03 
b*logP(b/w) 5 0.734 0.718 0.34 53.10 
 6 0.779 0.754 0.31 55.86 
 7 0.791 0.765 0.302 50.79 
XSA 2 0.646 0.627 0.90 90.46 
 3 0.688 0.667 0.85 72.19 
 4 0.723 0.690 0.80 63.29 
 5 0.759 0.721 0.75 60.36 
 6 0.780 0.750 0.71 56.03 
 7 0.803 0.772 0.68 54.77 
log(XSA) 2 0.629 0.614 0.93 84.07 
 3 0.751 0.732 0.76 98.68 
 4 0.781 0.753 0.71 86.71 
 5 0.799 0.764 0.68 76.36 
 6 0.824 0.799 0.64 73.97 
 7 0.845 0.759 0.60 73.39 
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Parabolic logP 
Entry 1 : log(krel) = -0.761061 + 0.402606 * parab_logP(b/w) + 0.998654 * std_dim2 
Entry 2 : log(krel) = -1.95529 + 0.24464 * parab_logP(b/w) + -0.08412 * sqrXSA + 0.0837273 * 
sqr_XSA 
Entry 3 : log(krel) = 3.61235 + 0.0641712 * SM_L + 0.0645782 * parab_logP(b/w) + -4.36406 * 
inv std_dim2 + 0.0227179 * invsqr vsurf_HB2 
Entry 4 : log(krel) = -0.482371 + 0.416392 * AM1_LUMO + -0.0478291 * E_ang + 0.270068 * 
parab_logP(b/w) + -0.0978473 * sqr_XSA-XSA + 0.0974232 * sqr_XSA 
Entry 5 : log(krel) =  -15.1504 + 0.269524 * sqr Most_Pos_Rs_mol_i + 0.0688307 * 
PEOE_VSA+6 + -0.0849692 * SMR_VSA2 + 0.174021 * parab_logP(b/w) + -
0.0435237 * XSA+ 4.75055 * log_XSA 
Entry 6 : log(krel) = -1.74485 + -0.00330599 * ASA_P + -0.0266807 * E_ang + 0.850149 * 
Largest_Rs_mol_i + 0.0140331 * SMR_VSA1 + -0.0471532 * SMR_VSA2 + 
0.226874 * parab_logP(b/w) + 1.05981 * sqr_xsa 
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XSA 
Entry 1: -log(t1/2) = -7.80487 + -0.0181342 * xsa + 0.056113 * SlogP_VSA5 
Entry 2: -log(t1/2) =-4.16746 + -139.653 * RA_2D_PIP13 + -11419900 * RA_FUK4 + 
0.0495142 * xsa 
Entry 3: -log(t1/2) = -0.884207 + -6.35221e+006 * RA_2D_Del(K)N13 + -1.68553e+007 * 
RA_FUK4 + -0.000954895 * RECON_VOLTAE + 0.0583473 * xsa 
Entry 4: -log(t1/2) = 0.0585158 + -6.19098e+006 * RA_2D_Del(K)N13 + -26210.7 * 
RA_2D_nEP6 + -1.80871e+007 * RA_FUK4 + -0.009512 * RECON_Del(Rho)NA8 + 
0.0565319 * xsa 
Entry 5: -log(t1/2) = -4.70127 + -31115.8 * RA_2D_nEP6 + 1.19679e+006 * RA_Del(G)N4 + -
3.65e+007 * RA_LAPL4 + 43.9724 * RECON_FSIEPA7 + -0.0262215 * SlogP_VSA5 
+ 0.0379442 * xsa 
Entry 6: -log(t1/2) = -2.28537 + -6.33782e+006 * RA_2D_Del(K)N13 + 4.4678e+006 * 
RA_2D_FUK7 + -2.88762e+007 * RA_FUK4 + 1.82394e+007 * RA_LAPL5 + -
1063.32 * RECON_FFuk8 + -8.70387 * RECON_FSIEPA5 + 0.0438449 * xsa 
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log(XSA) 
Entry 1: -log(t1/2) = -20.1392 + -703.175 * RECON_FFuk8 + 4.19224 * log_XSA 
Entry 2: -log(t1/2) = -17.7869 + -1.74538e+007 * RA_G4 + -0.00954771 * 
RECON_Del(Rho)NA8 + 4.46053 * log_XSA 
Entry 3: -log(t1/2) =-13.2685 + -0.0106439 * ASA + -16792700 * RA_FUK4 + -12.1134 * 
RECON_EP1 + 4.73396 * log_XSA 
Entry 4: -log(t1/2) = -14.705 + -4.51287e+006 * RA_2D_Del(K)N13 + -1.66591e+007 * 
RA_FUK4 + -0.0566759 * RECON_Del(K)NA10 + 4.94274 * log_XSA + -
0.00452249 * vsurf_W1 
Entry 5: -log(t1/2) = -22.0979 + -3.64638e+006 * RA_2D_Del(K)N13 + 95.1018 * 
RA_2D_PIP3 + -26231.7 * RA_2D_nEP6 + 1.44825e+006 * RA_Del(G)N4 + -
7.21012e+008 * RA_K4 + 4.49398 * log_XSA 
Entry 6: -log(t1/2) = -14.4078 + 2.03415e+006 * RA_2D_Del(Rho)N11 + 1.88725e+006 * 
RA_Del(G)N4 + -1.59953e+009 * RA_K4 + 496.735 * RA_PIP4 + -0.0229634 * 
SlogP_VSA5 + 0.419426 * logS + 3.20739 * log_XSA 
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6.6. Experimental Procedures for Chapter 4 
6.6.1. Preparation of Quaternary Ammonium Hydroxides 
 
General Procedure (III): Preparation of Quaternary Ammonium Hydroxides 
An amberlist A-26 hydroxide form resin was utilized to generate the quaternary 
ammonium hydroxide solutions from the bromides or iodides, The protocol of Harlow, Noble 
and Wild. was followed closely with the exception that anhydrous methanol was utilized rather 
than isopropanol. In a typical exchange ~10 mmols of quaternary ammonium bromide was 
brought up in minimal amount of methanol (~20 mL) and added to the top of the amberlyst resin, 
which was pre-packed in a standard 30 mm column with anhydrous  methanol. The resultant 
suspension was allowed to sit undisturbed for 3-6 h, then eluted slowly (~2 h) total. The resin 
was rinsed with another 100 mL of methanol overnight (~12 h). Between each pass over the 
resin the hydroxide form was regenerated, following the same procedure, eluting with 1 M 
NaOH in methanol (3 times) followed anhydrous methanol (~1 L) until the eluent was neutral. 
Typically this process was repeated six times.  The final solution was concentrated to ~0.5 molar 
and tritrated to a phenolphthalein endpoint in a solution of methanol and water (1:1) as well as 
titrated for bromide (weight %) of the solution. 
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Preparation of  N,N,N-trimethyl-Methanaminium, hydroxide (31) 
 
 
acid, 
mL 
acid, 
[M] 
acid,  
 mmol  
 base,  
 mmol 
base, 
mL 
base, 
[M] 
 
1.338 0.100 0.1338 0.1338 0.200 0.6690 
 
1.365 0.100 0.1365 0.1365 0.200 0.6825 
  1.306 0.100 0.1306 0.1306 0.200 0.6530 
avg 1.3363 0.100 0.1336 0.1336 0.000 0.668 
dev 0.0295 0.000 0.0030 0.0030 0.000 0.014 
 
Residual Halide: 0.16 weight % 
 
Preparation of Ethanaminium, N,N,N-triethyl-, hydroxide (32) 
 
 
acid, 
mL 
acid, 
[M] 
acid,  
 mmol  
 base,  
 mmol 
base, 
mL 
base, 
[M] 
 
1.1500 0.1000 0.1150 0.1150 0.9000 0.1278 
 
1.1400 0.1000 0.1140 0.1140 0.9000 0.1267 
 
1.1500 0.1000 0.1150 0.1150 0.9000 0.1278 
 
1.1200 0.1000 0.1120 0.1120 0.9000 0.1244 
 
1.1520 0.1000 0.1152 0.1152 0.9000 0.1280 
  1.1300 0.1000 0.1130 0.1130 0.9000 0.1256 
avg. 1.1403 0.1000 0.1140 0.1140 0.9000 0.1267 
dev. 0.0130 0.0000 0.0013 0.0013 0.0000 0.0014 
 
Residual Halide: 0.33 weight % 
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Preparation of Propanaminium, N,N,N-tripropyl-, hydroxide (33) 
 
 
 
acid, 
mL 
acid, 
[M] 
acid,  
 mmol  
 base,  
 mmol 
base, 
mL 
base, 
[M] 
 
0.4570 0.1000 0.0457 0.0457 0.2000 0.2285 
 
0.4490 0.1000 0.0449 0.0449 0.2000 0.2245 
 
0.4690 0.1000 0.0469 0.0469 0.2000 0.2345 
avg 0.4583 0.1000 0.0458 0.0458 0.2000 0.2292 
dev 0.0101 0.0000 0.0010 0.0010 0.0000 0.0050 
 
Residual Halide: 0.34 weight % 
 
Preparation of Butanaminium, N,N,N-tributyl-, hydroxide (34) 
 
 
acid, mL acid, [M] acid,  mmol base, mmol base, mL base, [M] 
 
1.0400 0.1000 0.1040 0.1040 0.1750 0.5943 
 
1.0220 0.1000 0.1022 0.1022 0.1750 0.5840 
 
1.0260 0.1000 0.1026 0.1026 0.1750 0.5863 
avg 1.0293 0.1000 0.1029 0.1029 0.1750 0.5882 
dev 0.0095 0.0000 0.0009 0.0009 0.0000 0.0054 
 
Residual Halide: <0.01 weight % 
  
436 
Preparation of Hexanaminium, N,N,N-trihexyl-, hydroxide (35) 
 
 
acid, mL acid [M] acid,  mmol   base,  mmol base, mL base, [M] 
 
1.1800 0.1000 0.1180 0.1180 0.1750 0.6743 
 
1.2080 0.1000 0.1208 0.1208 0.1750 0.6903 
 
1.2100 0.1000 0.1210 0.1210 0.1750 0.6914 
avg 1.1993 0.1000 0.1199 0.1199 0.1750 0.6853 
dev 0.0168 0.0000 0.0017 0.0017 0.0000 0.0096 
 
Residual Halide: 0.31 weight % 
 
Preparation of Octanaminium, N,N,N-trioctyl-, hydroxide (36) 
 
 
acid, mL acid [M] acid, mmol   base,  mmol base, mL base, [M] 
 
0.7580 0.1000 0.0758 0.0758 0.1750 0.4331 
 
0.7580 0.1000 0.0758 0.0758 0.1750 0.4331 
 
0.7200 0.1000 0.0720 0.0720 0.1750 0.4114 
 
0.7200 0.1000 0.0720 0.0720 0.1750 0.4114 
avg 0.7390 0.1000 0.0745 0.0745 0.1750 0.4259 
dev 0.0219 0.0000 0.0022 0.0022 0.0000 0.0125 
 
Residual Halide: 0.41 weight % 
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6.6.2. Preparation of Quaternary Ammonium Phenolates 
General Procedure (IV): Preparation of Quaternary Ammonium Phenoxides 
 To a 250-mL, one-necked, round-bottomed flask fitted a septa, a magnetic stir bar, and a 
nitrogen inlet adaptor was added phenol (62.7 mg, 0.2 mmol) followed by dioxane (100 mL). To 
the clear solution was added the appropriate quaternary ammonium hydroxide (0.1 mmol).  The 
resulting solution was stirred for 30 min, then concentrated by rotary evaporation. Another 100 
mL of dioxane was added and the solution was again concentrated by rotary evaporation. This 
process was repeated three times, then again three times with hexanes (100 mL portions).  The 
resulting solid quaternary ammonium phenolate complexes were used within 1 hour. 
 
Preparation of Tetramethylammonium phenol-phenolate: (37) 
 
 Data for 37: 
 1
H-NMR: (500 MHz, CD3CN) 
6.99 (t, J = 8.7, 4 H, HC(3)), 6.63 (dd, J = 8.6, 1.2, 4 H HC(4)), 6.42 (t, J = 
7.2, HC(5)), 6.13 (s, 1 H, HO), 3.03 (s, 12 H, HC(1)) 
 13
C-NMR: (126 MHz, CD3CN) 
165.6 (C(2)), 129.7 (C(4)), 118.0 (C(5)), 114.4 (C(3)), 55.8 (C(1)) 
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Preparation of Tetraethylammonium phenol-phenolate (38) 
 
 Data for 38: 
 1
H-NMR: (500 MHz, CD3CN) 
9.09 (s, 1 HO)), 6.96 (t, J = 7.5, 4 H, HC(x)), 6.57 (d, 4 H, J = 7.8), 6.35 (t, 
2H, J = 7.2), 3.12 (q, 8 H, J = 7.4), 1.16 (m, 12 H, HC(x)) 
 13
C-NMR: (126 MHz, CD3CN) 
166.7 (C(5)), 129.6 (C(6)), 118.0 (C(4)), 113.4 (C(3)), 52.8 (C(1)), 7.4 (C(2)),  
Preparation of Tetrapropylammonium phenol-phenolate: (39) 
 
 Data for 39: 
 1
H-NMR: (500 MHz, CD3CN) 
11.5-13 (broad s, 1 H HO), 6.98 (t, J = 8.0, 4 H, HC(x)), 6.61 (d, J = 8.4, 4 H 
HC(x)), 6.39 (t, J = 7.2, 2 H, HC(x)), 3.02 (ddd, J = 8.6, 4.9, 3.7, 8 H, HC(x)) 
1.61 (m, 8 H, HC(x)), 0.92 (t, J = 7.3, 12 H, HC(x)) 
 13
C-NMR: (126 MHz, CD3CN) 
165.95 (C(6)), 129.63 (C(7)), 118.00 (C(5)), 114.00 (C(4)), 60.73 (C(1)), 
15.77 (C(2)), 10.55 (C(3)) 
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Preparation of Tetrabutylammonium phenol-phenolate (40) 
 
Data for 40: 
1
H-NMR: (500 MHz, CD3CN) 
 7.05 (t, J = 7.8, 4 H, HC(6)), 6.73 (d, J = 7.5, 4 H, HC(7)) 6.49 (t, J = 7.2 2 H, 
HC(8)) 3.05 (m, 8 H, HC(1)), 1.55 (t, J = 11.6, 8 H, HC(2)) 1.35 (qd, J = 7.2, 
14.3, 8 H, HC(3)) 0.98 (t, J = 7.3, 12 H, HC(4)) 
 
13
C-NMR: (126 MHz, CDCl3) 
165.07 C(7), 129.76 C(6), 117.84 C(5), 114.89 C(8), 59.01 C(1), 24.17 C(2), 
20.12 C(3), 13.73 C(4) 
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Preparation of Tetrahextylammonium phenol-phenolate  (41) 
 
Data for 41: 
1
H-NMR: (500 MHz, CD3CN) 
7.04 (t, J = 7.7, 4 H, HC(8))  6.72 (d, J = 7.8, 4 H, HC(9))  6.47 (t, J = 7.2, 2 
H, HC(10)) 3.04 (m, 8 H, HC(1)) 0.96 (t, J = 6.6, 8 H, HC(2)) 1.57 (m, 24 H, 
HC(3) HC(4) HC(5)) 1.35 (m, 12 H, HC(6)) 
13
C-NMR: (126 MHz, CD3CN) 
265.54 HC(9), 129.86 HC(8), 118.22 HC(7), 114.63 HC(10), 59.35 HC(1), 
31.78 HC(2), 26.48 HC(3), 23.14 HC(4), 22.95 HC(5), 14.24 HC(6) 
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Preparation of Tetraoctylammonium phenol-phenolate  (42) 
 
Data for 42: 
1
H-NMR: (500 MHz, CD3CN) 
7.05 (t, J = 7.8, 1H, HC(10)) 6.77 (d, J = 7.6,  4 H, HC(1)) 6.52 (t, J = 7.2, 2H, 
HC(12)) 3.01 (m, 8 H, HC(1)) ppm 1.44 (m, 48 H, HC(2-7)) 0.92 (m, 12H, 
HC(8)) 
13
C-NMR: (126 MHz, CD3CN) 
164.68 C(11), 129.91 HC(10), 117.99 HC(9), 115.53 HC(12), 59.25 HC(1), 
35.40 HC(2), 32.49 HC(3), 29.73 HC(4), 26.88 HC(5), 23.41 HC(6), 22.39 
HC(7), 14.49 HC(8),  
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6.6.3. Kinetic Analysis of Homogeneous Ammonium Phenolates 
 
General Procedure (V): Kinetic Analysis Procedure 
 
In a drybox, a stock solution of biphenyl ( , 21.0 mol) was made up in the appropriate 
solvent (CH3CN or DIPK, 18.75 mL). The solution was then added to the appropriate 
quaternaryammonium phenol-phenolate complex at room temperature. The resulting solution  
was transferred removed from the drybox and transferred to three one-neck, 10-mL round-
bottom flasks with magnetic stir bars fitted with reflux condensers, and nitrogen inlet adaptors. 
Each of the flasks were placed in a 40 
0
C oil bath for 20 minutes prior to initiation of a kinetic 
run. Reaction progress was monitored by GC analysis. Sampling of the reaction was performed 
by removing 300 L aliquots of the mixture by syringe and quenching the aliquots at regular 
intervals. The quench was performed as follows: the withdrawn aliquot of the reaction mixture 
was injected into 200 L of a biphase of NH4Cl (aq, 50 L) and MTBE (150 L). The organic 
solution was filtered through a 0.5 x 1.0 cm plug of silica gel rinsing with ~200 L of EtOAc. 
The resulting sample was subjected to GC analysis, Method 1. Response factors were obtained 
by Eqn 6.1 and are shown below: 
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Response Factors 
Phenol (2.087 minutes, Ph2, 6.085 minutes, GC Method 1) 
entry 
PhOH, 
mg 
Ph2, 
mg 
PhOH, 
mmol 
Ph2, 
mmol 
PhOH, 
area 
Ph2 
area 
Rf 
1 2.3 5.51 0.024439 0.035731 22.134 77.866 2.406186 
2 2.3 5.51 0.024439 0.035731 22.099 77.901 2.41108 
3 2.3 5.51 0.024439 0.035731 22.021 77.979 2.422043 
4 10.2 4.1 0.108382 0.026588 59.214 39.682 2.73181 
5 10.2 4.1 0.108382 0.026588 59.71 40.015 2.731852 
6 10.2 4.1 0.108382 0.026588 59.829 40.171 2.737047 
7 6.4 5.64 0.068005 0.036574 43.124 56.876 2.452313 
8 6.4 5.64 0.068005 0.036574 42.224 57.776 2.544216 
9 6.4 5.64 0.068005 0.036574 41.732 58.268 2.596132 
10 3.0 6.14 0.031877 0.039816 26.494 73.506 2.221228 
11 3.0 6.14 0.031877 0.039816 25.284 74.716 2.365842 
12 3.0 6.14 0.031877 0.039816 24.721 75.279 2.437955 
      
average 2.504809 
      
st. dev 0.16493 
 
PhOn-Bu (4.950 minutes, Ph2, 6.085 minutes, GC Method 1) 
entry 
PhOn-Bu, 
mg 
Ph2, 
mg 
PhOn-Bu, 
mmol 
Ph2, 
mmol 
PhOn-Bu, 
area 
Ph2 
area 
Rf 
1 7.07 2.7 0.047065 0.017509 63.952 36.048 1.515194 
2 7.07 2.7 0.047065 0.017509 64.015 35.958 1.509924 
3 8.68 4.56 0.057783 0.02957 57.285 42.715 1.457068 
4 8.68 4.56 0.057783 0.02957 57.019 42.981 1.472982 
5 6.54 6.06 0.043537 0.039298 44.144 55.856 1.401809 
6 6.54 6.06 0.043537 0.039298 43.439 56.561 1.44254 
7 2.96 7.9 0.019705 0.05123 23.175 76.825 1.275067 
8 2.96 7.9 0.019705 0.05123 21.705 78.295 1.387472 
9 5.65 9.3 0.037612 0.060308 29.339 70.661 1.502054 
10 5.65 9.3 0.037612 0.060308 29.463 70.537 1.493107 
      
average 1.445722 
      
st. dev 0.074307 
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PhOBn (8.242 minutes, Ph2, 6.085 minutes, GC Method 1) 
entry 
PhOBn, 
mg 
Ph2, 
mg 
PhOBn, 
mmol 
Ph2, 
mmol 
PhOBn, 
area 
Ph2 
area 
Rf 
1 4.76 7.5 0.025837 0.048636 36.409 63.591 0.927833 
2 4.76 7.5 0.025837 0.048636 36.569 63.431 0.921449 
3 4.76 7.5 0.025837 0.048636 36.723 63.277 0.915357 
4 2.86 10.81 0.015524 0.0701 20.689 79.311 0.848929 
5 2.86 10.81 0.015524 0.0701 19.949 80.051 0.888634 
6 2.86 10.81 0.015524 0.0701 19.649 80.351 0.905583 
7 6.93 9.81 0.037615 0.063615 37.792 62.208 0.973302 
8 6.93 9.81 0.037615 0.063615 38.257 61.743 0.954285 
9 6.93 9.81 0.037615 0.063615 38.562 61.438 0.94206 
      
average 0.919715 
      
st. dev 0.036794 
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6.6.3.1. Kinetic Alkylation of Phenol-Phenolates inAcetonitrile 
Table 4.3 Na
+
, run 1: [NDG15-86] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
 % 
0 0.000 7.000 0.000 0.000 0.000 0.000 
360 6.673 7.341 0.475 0.625 0.104 0.625 
540 6.673 7.297 0.678 0.896 0.149 0.896 
720 6.673 7.314 0.938 1.237 0.206 1.237 
900 6.673 7.299 1.188 1.570 0.262 1.570 
1080 6.673 7.312 1.474 1.945 0.324 1.945 
1260 6.673 7.276 1.713 2.271 0.378 2.271 
1440 6.673 7.323 1.954 2.574 0.429 2.574 
1620 6.673 7.278 2.226 2.951 0.492 2.951 
1800 6.673 7.324 2.501 3.295 0.549 3.295 
2700 6.673 7.315 3.734 4.924 0.821 4.924 
 
 
  
y = 0.000000307x 
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Table 4.3 Na
+
, run 2: [NDG15-87] 
 
time, 
seconds 
standard, 
µmol  
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 0.000 0.000 0.000 0.000 0.000 0.000 
360 6.673 7.339 0.518 0.680 0.113 0.001 
540 6.673 7.320 0.824 1.086 0.181 0.001 
720 6.673 7.305 1.156 1.527 0.254 0.002 
900 6.673 7.290 1.444 1.911 0.318 0.002 
1080 6.673 7.277 1.792 2.376 0.395 0.002 
1260 6.673 7.308 2.047 2.702 0.450 0.003 
1440 6.673 7.283 2.334 3.092 0.515 0.003 
1620 6.673 7.259 2.645 3.515 0.585 0.004 
1800 6.673 7.277 3.004 3.982 0.663 0.004 
2700 6.673 7.262 4.420 5.872 0.978 0.006 
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Table 4.3 Na
+
, run 3: NDG15-88 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.673 7.000 0.000 0.000 0 0.00 
360 6.673 7.338 0.597 0.785 0.1308 0.78 
540 6.673 7.283 0.886 1.173 0.1955 1.17 
720 6.673 7.364 1.185 1.553 0.2588 1.55 
900 6.673 7.321 1.495 1.970 0.3283 1.97 
1080 6.673 7.423 1.768 2.298 0.3830 2.30 
1260 6.673 7.320 2.033 2.679 0.4466 2.68 
1440 6.673 7.259 2.359 3.135 0.5225 3.13 
1620 6.673 7.358 2.649 3.473 0.5788 3.47 
1800 6.673 7.310 2.965 3.913 0.6521 3.91 
2700 6.673 7.264 4.331 5.751 0.9585 5.75 
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Table 4.3 K
+
, run 1: NDG15-83 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
60 6.67 7.444 1.079 1.398 0.2331 1.40 
120 6.67 7.497 2.166 2.788 0.4646 2.79 
180 6.67 7.358 3.115 4.084 0.6807 4.08 
240 6.67 7.288 4.026 5.329 0.8882 5.33 
360 6.67 7.622 5.848 7.402 1.2336 7.40 
480 6.67 7.390 7.162 9.357 1.5595 9.36 
600 6.67 7.137 8.497 11.486 1.9143 11.49 
 
 
ki = 3.15 x 10
-6
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Table 4.3 K
+
, run 2: NDG15-84 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
60 6.67 7.421 1.268 1.648 0.2746 1.65 
120 6.67 7.454 2.163 2.800 0.4666 2.80 
180 6.67 7.384 3.160 4.128 0.6880 4.13 
240 6.67 7.528 4.154 5.328 0.8881 5.33 
360 6.67 7.318 5.859 7.724 1.2873 7.72 
480 6.67 7.227 7.557 10.088 1.6813 10.09 
600 6.67 7.273 9.180 12.176 2.0294 12.18 
 
 
 
  
y = 0.0201x + 0.356
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Table 4.3 K
+
, run 3: NDG15-85 
 
time, 
seconds 
standard, 
µmol 
standard, 
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
60 6.67 7.143 1.054 1.423 0.2372 1.42 
120 6.67 7.080 1.936 2.638 0.4397 2.64 
180 6.67 7.130 2.834 3.834 0.6390 3.83 
240 6.67 7.056 3.694 5.051 0.8418 5.05 
300 6.67 7.074 4.530 6.177 1.0296 6.18 
360 6.67 7.060 5.325 7.277 1.2128 7.28 
480 6.67 7.066 6.595 9.004 1.5007 9.00 
 
 
 
 
 
  
y = 0.0032x + 0.0514
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Table 4.3 Me4N
+
 , run 1: [NDG15-94] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
60 6.67 7.027 0.928 1.275 0.2125 1.28 
120 6.67 7.086 1.806 2.461 0.4101 2.46 
180 6.67 6.918 2.647 3.691 0.6152 3.69 
240 6.67 6.912 3.531 4.928 0.8214 4.93 
300 6.67 6.887 4.347 6.090 1.0149 6.09 
360 6.67 6.918 5.007 6.982 1.1636 6.98 
480 6.67 6.939 6.315 8.779 1.4631 8.78 
 
 
 
  
y = 0.00309x + 0.03962 
R² = 0.99437 
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Table 4.3 Me4N
+
 , run 2: [NDG15-95] 
 
time, 
seconds 
standard, 
µmol  
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
60 6.67 7.269 0.949 1.260 0.2099 1.26 
120 6.67 7.213 1.841 2.462 0.4104 2.46 
180 6.67 7.172 2.737 3.681 0.6136 3.68 
240 6.67 7.245 3.646 4.855 0.8092 4.86 
300 6.67 7.189 4.368 5.861 0.9769 5.86 
360 6.67 7.165 5.116 6.888 1.1481 6.89 
480 6.67 7.092 6.372 8.668 1.4446 8.67 
 
 
 
 
  
y = 0.00304x + 0.04075
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Table 4.3 Me4N
+
, run 3: [NDG15-96] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
60 6.67 7.612 1.958 2.492 0.4153 2.49 
120 6.67 7.298 3.495 4.621 0.7701 4.62 
180 6.67 7.151 5.151 6.950 1.1583 6.95 
240 6.67 7.223 6.439 8.600 1.4333 8.60 
300 6.67 7.119 7.640 10.354 1.7256 10.35 
360 6.67 7.110 8.770 11.899 1.9832 11.90 
 
 
 
 
  
y = 0.0055x + 0.0801
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Table 4.3 Me4N
+
, run 4: [NDG16-15] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
60 6.67 7.271 0.689 0.914 0.1524 0.91 
90 6.67 7.301 1.062 1.403 0.2338 1.40 
120 6.67 7.229 1.371 1.830 0.3050 1.83 
180 6.67 7.334 2.036 2.678 0.4463 2.68 
240 6.67 7.274 2.687 3.564 0.5940 3.56 
300 6.67 7.231 3.381 4.511 0.7519 4.51 
360 6.67 7.259 3.884 5.162 0.8604 5.16 
420 6.67 7.214 4.328 5.788 0.9646 5.79 
 
 
  
y = 0.00233x + 0.01964
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Table 4.3 Me4N
+
, run 5: [NDG16-16] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
60 6.67 7.323 0.648 0.854 0.1424 0.85 
90 6.67 7.349 0.928 1.218 0.2030 1.22 
120 6.67 7.405 1.282 1.671 0.2785 1.67 
150 6.67 7.411 1.584 2.062 0.3436 2.06 
180 6.67 7.412 1.917 2.496 0.4159 2.50 
240 6.67 7.357 2.589 3.395 0.5658 3.39 
300 6.67 7.386 3.287 4.294 0.7156 4.29 
360 6.67 7.388 4.016 5.244 0.8739 5.24 
 
  
y = 0.00242x - 0.01029
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Table 4.3 Me4N
+
, run 6: [NDG16-17] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
60 6.67 7.465 0.855 1.105 0.1841 1.10 
90 6.67 7.500 1.265 1.627 0.2711 1.63 
120 6.67 7.445 1.657 2.148 0.3579 2.15 
150 6.67 7.499 2.060 2.650 0.4416 2.65 
180 6.67 7.409 2.374 3.091 0.5152 3.09 
240 6.67 7.405 3.052 3.977 0.6628 3.98 
300 6.67 7.395 3.694 4.819 0.8031 4.82 
360 6.67 7.390 4.296 5.609 0.9348 5.61 
 
  
y = 0.00258x + 0.03396
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Table 4.3 Et4N
+
, run 1: [NDG15-98] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.000 
30 6.67 7.016 0.675 0.928 0.1547 0.928 
60 6.67 7.044 1.300 1.780 0.2967 1.780 
90 6.67 7.000 1.995 2.743 0.4571 2.743 
120 6.67 7.000 2.629 3.623 0.6038 3.623 
180 6.67 6.955 3.910 5.423 0.9038 5.423 
240 6.67 6.896 5.007 6.974 1.1624 6.974 
300 6.67 6.877 6.180 8.593 1.4322 8.593 
360 6.67 6.877 6.869 9.636 1.6060 9.636 
 
 
 
  
y = 0.00457x + 0.03481
R² = 0.99562
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Table 4.3 Et4N
+
, run 2: [NDG15-99] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
30 6.67 7.138 0.690 0.933 0.1554 0.93 
60 6.67 7.112 1.335 1.810 0.3017 1.81 
90 6.67 7.110 1.941 2.634 0.4390 2.63 
120 6.67 7.103 2.557 3.473 0.5788 3.47 
180 6.67 7.043 3.614 4.949 0.8249 4.95 
240 6.67 7.030 4.628 6.351 1.0585 6.35 
300 6.67 6.989 5.512 7.609 1.2682 7.61 
360 6.67 6.965 6.319 8.753 1.4588 8.75 
 
 
 
  
y = 0.00405x + 0.05448
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Table 4.3 Et4N
+
, run 3: [NDG15-100] 
 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.67 7.000 0.000 0.000 0.0000 0.00 
30 6.67 7.231 0.603 0.804 0.1340 0.80 
60 6.67 7.108 1.157 1.570 0.2617 1.57 
90 6.67 7.144 1.814 2.449 0.4082 2.45 
120 6.67 7.102 2.340 3.179 0.5298 3.18 
180 6.67 7.114 3.460 4.692 0.7820 4.69 
240 6.67 7.034 4.541 6.228 1.0380 6.23 
300 6.67 7.048 5.621 7.694 1.2824 7.69 
360 6.67 6.918 7.178 10.017 1.6695 10.02 
 
 
 
 
 
 
  
y = 0.00448x - 0.00786
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Table 4.3 Et4N
+
, run 4: [NDG16-40] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 9.34 7.000 0.000 0.000 0.0000 0.00 
30 9.34 10.122 1.225 1.634 0.2723 1.63 
60 9.34 10.090 2.205 2.950 0.4916 2.95 
90 9.34 9.993 3.115 4.208 0.7013 4.21 
120 9.34 9.843 3.818 5.236 0.8727 5.24 
150 9.34 9.866 4.510 6.171 1.0284 6.17 
180 9.34 9.792 5.114 7.051 1.1751 7.05 
240 9.34 9.779 6.122 8.452 1.4087 8.45 
300 9.34 9.729 7.064 9.803 1.6338 9.80 
 
 
 
 
 
  
y = 0.00584x + 0.10829
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Table 4.3 Et4N
+
, run 5: [NDG16-42] 
 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 9.338 7.000 0.000 0.000 0.0000 0.00 
30 9.338 10.078 1.116 1.494 0.2490 1.49 
60 9.338 9.858 2.137 2.926 0.4877 2.93 
90 9.338 9.817 2.972 4.087 0.6811 4.09 
120 9.338 9.807 3.690 5.079 0.8465 5.08 
150 9.338 9.798 4.349 5.993 0.9988 5.99 
180 9.338 10.055 5.077 6.817 1.1361 6.82 
240 9.338 9.707 5.882 8.181 1.3635 8.18 
300 9.338 9.579 6.787 9.565 1.5942 9.57 
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Table 4.3 Pr4N
+
, run 1: [NDG-16-06] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.673 7.000 0.000 0.000 0.0000 0.00 
30 6.673 7.068 0.645 0.881 0.1468 0.88 
60 6.673 7.104 1.355 1.840 0.3067 1.84 
90 6.673 7.113 2.151 2.918 0.4863 2.92 
120 6.673 7.036 3.015 4.135 0.6891 4.13 
180 6.673 6.936 4.655 6.474 1.0790 6.47 
240 6.673 7.005 6.334 8.723 1.4538 8.72 
300 6.673 6.940 7.793 10.833 1.8055 10.83 
360 6.673 6.863 9.154 12.868 2.1447 12.87 
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Table 4.3 Pr4N
+
, run 2: [NDG-16-07] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.673 7.000 0.000 0.000 0.0000 0.00 
30 6.673 7.168 1.303 1.753 0.2922 1.75 
60 6.673 7.067 2.367 3.231 0.5385 3.23 
90 6.673 7.077 3.169 4.318 0.7197 4.32 
120 6.673 7.011 4.506 6.200 1.0333 6.20 
180 6.673 7.051 6.428 8.795 1.4658 8.80 
240 6.673 6.931 7.980 11.109 1.8514 11.11 
300 6.673 6.953 9.363 12.991 2.1652 12.99 
360 6.673 6.886 10.555 14.789 2.4648 14.79 
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Table 4.3. Bu4N
+
, run 1: [NDG16-21] 
 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.466 7.000 0.000 0.000 0.0000 0.00 
30 6.466 7.396 0.941 1.189 0.1982 1.19 
45 6.466 7.400 1.487 1.878 0.3130 1.88 
60 6.466 7.444 1.962 2.464 0.4107 2.46 
90 6.466 7.408 2.799 3.532 0.5887 3.53 
120 6.466 7.347 3.417 4.345 0.7242 4.35 
150 6.466 7.328 4.500 5.741 0.9568 5.74 
180 6.466 7.290 4.890 6.270 1.0450 6.27 
210 6.466 7.272 6.007 7.723 1.2871 7.72 
240 6.466 7.268 6.846 8.806 1.4677 8.81 
300 6.466 7.293 8.099 10.382 1.7303 10.38 
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Table 4.3.  Bu4N
+
, run 2: [NDG16-13] 
 
 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.673 7.000 0.000 0.000 0.0000 0.00 
30 0.000 7.910 1.242 1.515 0.2525 1.51 
60 0.000 7.942 2.521 3.062 0.5104 3.06 
90 6.673 7.841 3.773 4.642 0.7737 4.64 
300 0.000 7.656 9.895 12.468 2.0781 12.47 
 
 
 
  
y = 0.00680x + 0.07027
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Table 4.3.  Bu4N
+
, run 3: [NDG16-22] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.466 7.000 0.000 0.000 0.0000 0.00 
30 6.466 7.459 1.085 1.359 0.2266 1.36 
45 6.466 7.502 1.660 2.069 0.3448 2.07 
90 6.466 7.475 2.229 2.788 0.4646 2.79 
120 6.466 7.425 3.219 4.053 0.6755 4.05 
150 6.466 7.367 3.817 4.844 0.8073 4.84 
180 6.466 7.299 4.621 5.918 0.9864 5.92 
210 6.466 7.312 5.184 6.628 1.1047 6.63 
240 6.466 7.241 5.888 7.601 1.2669 7.60 
300 6.466 7.193 7.720 10.033 1.6722 10.03 
360 6.466 7.467 8.974 11.235 1.8725 11.23 
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Table 4.3.  Bu4N
+
, run 4: [NDG16-23] 
 
time,  
seconds 
standard,  
µmol  
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 5.910 7.000 0.000 0.000 0.0000 0.00 
30 5.910 7.400 1.158 1.337 0.2228 1.34 
45 5.910 7.396 1.761 2.034 0.3391 2.03 
60 5.910 7.410 2.279 2.628 0.4380 2.63 
90 5.910 7.403 3.328 3.841 0.6402 3.84 
120 5.910 7.341 4.269 4.969 0.8282 4.97 
150 5.910 7.439 5.154 5.921 0.9868 5.92 
180 5.910 7.330 5.980 6.972 1.1619 6.97 
210 5.910 7.403 6.806 7.857 1.3095 7.86 
240 5.910 7.251 7.426 8.751 1.4584 8.75 
300 5.910 7.252 8.728 10.284 1.7140 10.28 
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Table 4.3.  Hexyl4N
+
, run 1: [NDG16-14] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.673 7.000 0.000 0.000 0.0000 0.00 
30 6.673 7.652 1.022 1.288 0.2147 1.29 
60 6.673 7.719 1.879 2.348 0.3914 2.35 
90 6.673 7.627 2.909 3.679 0.6132 3.68 
300 6.673 7.446 8.290 10.741 1.7901 10.74 
 
 
 
 
  
y = 0.005896x + 0.035888
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Table 4.3.  Hexyl4N
+
, run 2: [NDG16-26] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 5.910 7.000 0.000 0.000 0.0000 0.00 
45 5.910 7.242 0.426 0.503 0.0838 0.50 
75 5.910 7.245 0.692 0.816 0.1360 0.82 
90 5.910 7.445 0.883 1.013 0.1689 1.01 
120 5.910 7.498 1.176 1.340 0.2234 1.34 
180 5.910 7.494 1.836 2.093 0.3489 2.09 
270 5.910 7.291 2.516 2.949 0.4914 2.95 
300 5.910 7.358 2.944 3.419 0.5698 3.42 
 
 
 
 
 
  
y = 0.001876x - 0.000462
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Table 4.3.  Hexyl4N
+
, run 3: [NDG16-27] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 0.000 7.000 0.000 0.000 0.0000 0.00 
30 0.000 7.369 1.107 1.284 0.2139 1.28 
60 0.000 7.185 1.886 2.243 0.3738 2.24 
90 0.000 7.226 2.847 3.367 0.5611 3.37 
120 0.000 7.201 3.707 4.399 0.7331 4.40 
150 0.000 7.244 4.474 5.277 0.8796 5.28 
180 0.000 7.260 5.329 6.272 1.0453 6.27 
240 0.000 7.266 6.346 7.463 1.2438 7.46 
360 0.000 7.118 8.326 9.995 1.6658 9.99 
 
 
  
y = 0.005272x + 0.057956
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Table 4.3. Hexyl4N
+
, run 3:  [NDG16-28] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 5.910 7.000 0.000 0.000 0.0000 0.00 
60 5.910 7.291 1.220 1.430 0.2383 1.43 
90 5.910 7.303 1.929 2.257 0.3762 2.26 
120 5.910 7.266 2.615 3.075 0.5125 3.08 
210 5.910 7.271 4.553 5.351 0.8918 5.35 
240 5.910 7.316 5.104 5.961 0.9935 5.96 
300 5.910 7.077 5.996 7.240 1.2066 7.24 
360 5.910 7.228 7.214 8.528 1.4214 8.53 
 
 
 
  
y = 0.003988x + 0.017082
R² = 0.997880
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Table 4.3. Octyl4N
+
, run 1: [NDG16-59] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.206 7.000 0.000 0.000 0.0000 0.00 
30 6.206 7.192 0.654 0.816 0.1360 0.82 
60 6.206 7.183 1.181 1.475 0.2459 1.48 
90 6.206 7.057 1.910 2.429 0.4048 2.43 
105 6.206 7.211 2.201 2.739 0.4565 2.74 
120 6.206 6.995 2.507 3.216 0.5360 3.22 
150 6.206 7.093 3.075 3.889 0.6482 3.89 
165 6.206 6.829 3.305 4.342 0.7237 4.34 
180 6.206 6.566 3.389 4.630 0.7717 4.63 
210 6.206 6.625 3.861 5.228 0.8714 5.23 
240 6.206 6.857 4.429 5.795 0.9658 5.80 
 
 
 
 
 
  
y = 0.004112x + 0.018996
R² = 0.995439
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Table 4.3. Octyl4N
+
, run 2: [NDG16-60] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
30 6.906 7.045 0.591 0.837 0.1395 0.84 
45 6.906 6.935 0.944 1.358 0.2264 1.36 
60 6.906 6.831 1.196 1.748 0.2913 1.75 
75 6.906 5.546 1.174 2.113 0.3521 2.11 
90 6.906 6.296 1.425 2.258 0.3763 2.26 
120 6.906 7.073 2.358 3.328 0.5547 3.33 
 
 
 
 
 
  
y = 0.004473x + 0.008780
R² = 0.989907
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Table 4.3.  Octyl4N
+
, run 3: [NDG16-61] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
60 6.906 7.312 0.660 0.901 0.1502 0.90 
75 6.906 7.342 0.842 1.144 0.1906 1.14 
90 6.906 7.354 0.977 1.326 0.2210 1.33 
120 6.906 7.322 1.257 1.714 0.2856 1.71 
180 6.906 7.307 1.808 2.469 0.4116 2.47 
240 6.906 6.220 1.993 3.199 0.5332 3.20 
300 6.906 6.827 2.659 3.889 0.6482 3.89 
360 6.906 7.199 3.288 4.560 0.7599 4.56 
 
 
 
 
 
  
y = 0.002108x + 0.019574
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6.6.3.2. Kinetic Alkylation of Phenol-Phenolates in Diisopropyl Ketone 
 
Table 4.3.  Na
+
, run 1: [NDG-16-34] 
 
time, 
seconds 
standard, 
µmol  
standard,  
area 
product, 
area 
product,  
µmol 
product, 
[M] x 1000 
product, 
% 
0 19.454 17.000 0.000 0.000 0.0000 0.00 
900 19.454 17.611 0.000 0.000 0.0000 0.00 
1800 19.454 18.795 0.000 0.000 0.0000 0.00 
3600 19.454 17.995 0.000 0.000 0.0000 0.00 
7200 19.454 18.012 0.364 0.568 0.0947 0.57 
10800 19.454 17.754 0.536 0.849 0.1415 0.85 
21600 19.454 18.069 1.150 1.790 0.2983 1.79 
28800 19.454 18.206 1.548 2.391 0.3986 2.39 
68400 19.454 17.763 3.649 5.778 0.9630 5.78 
79200 19.454 17.738 4.165 6.604 1.1007 6.60 
 
 
 
 
 
 
  
y = 0.000014x - 0.016529
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Table 4.3.  Na
+
, run 2: [NDG-16-36] 
 
time, 
seconds 
standard, 
µmol  
standard,  
area 
product, 
area 
product,  
µmol 
product, 
[M] x 1000 
product, 
% 
0 49.933 15.000 0.000 0.000 0.0000 0.00 
9000 49.933 15.335 0.528 2.486 0.4143 2.49 
14400 49.933 15.237 0.795 3.766 0.6277 3.77 
16200 49.933 15.545 0.929 4.314 0.7190 4.31 
28800 49.933 15.134 1.722 8.214 1.3690 8.21 
30600 49.933 15.404 1.857 8.703 1.4504 8.70 
 
 
 
 
 
 
  
y = 0.000048x - 0.025208
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Table 4.3.  Na
+
, run 3: [NDG-16-37] 
 
time, 
seconds 
standard, 
µmol  
standard, 
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 49.933 15.000 0.000 0.000 0.0000 0.00 
9000 49.933 15.893 0.509 2.312 0.3853 2.31 
14400 49.933 16.021 0.818 3.686 0.6143 3.69 
16200 49.933 16.284 0.915 4.056 0.6760 4.06 
28800 49.933 15.240 1.712 8.109 1.3516 8.11 
30600 49.933 16.144 1.956 8.746 1.4577 8.75 
 
 
 
 
 
 
  
y = 0.000048x - 0.044664
R² = 0.995200
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Table 4.3.  Na
+
, run 4: [NDG-16-38] 
 
time, 
seconds 
standard, 
µmol 
standard, 
area 
product, 
area 
product,  
µmol 
product, 
[M]x1000 
product, 
% 
0 49.933 15.000 0.000 0.000 0.0000 0.00 
9000 49.933 15.943 0.554 2.508 0.4181 2.51 
14400 49.933 15.445 0.841 3.931 0.6551 3.93 
16200 49.933 16.104 1.100 4.931 0.8218 4.93 
28800 49.933 15.280 1.866 8.816 1.4693 8.82 
30600 49.933 15.380 1.976 9.275 1.5458 9.27 
 
 
  
y = 0.000051x - 0.029715
R² = 0.997306
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Table 4.3.  K
+
, run 3: [NDG-16-35] 
 
time, 
seconds 
standard, 
µmol  
standard, 
area 
product, 
area 
product, 
µmol 
product, 
[M] x 1000 
product, 
% 
0 15.563 7.000 0.000 0.000 0.0000 0.00 
900 15.563 20.722 0.933 1.013 0.1688 1.01 
1800 15.563 19.845 1.787 2.026 0.3377 2.03 
3600 15.563 19.518 3.571 4.117 0.6861 4.12 
7200 15.563 19.561 7.169 8.246 1.3744 8.25 
10800 15.563 19.953 10.977 12.378 2.0631 12.38 
20700 15.563 17.775 18.666 23.628 3.9380 23.63 
27900 15.563 18.030 24.128 30.110 5.0184 30.11 
 
 
 
 
 
 
  
y = 0.000183x + 0.032109
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Table 4.3.  K
+
, run 3:  [NDG-16-65] 
 
time, 
seconds 
standard, 
µmol  
standard,  
area 
product, 
area 
product,  
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
900 6.906 6.983 0.398 0.570 0.0949 0.57 
1600 6.906 6.947 0.711 1.022 0.1704 1.02 
1900 6.906 7.028 0.886 1.259 0.2099 1.26 
2200 6.906 7.037 1.025 1.455 0.2426 1.46 
2600 6.906 7.025 1.267 1.803 0.3005 1.80 
3200 6.906 6.897 1.552 2.247 0.3745 2.25 
4200 6.906 6.946 2.067 2.958 0.4930 2.96 
6600 6.906 6.967 3.345 4.808 0.8013 4.81 
9000 6.906 6.785 4.580 6.741 1.1235 6.74 
 
 
 
 
 
 
  
y = 0.000126x - 0.024009
R² = 0.998879
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Table 4.3.  K
+
, run 3: [NDG-16-66] 
 
time, 
seconds 
standard, 
µmol  
standard,  
area 
product, 
area 
product, 
 
µmol 
product, 
[M]  
x 1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
1500 6.906 6.968 0.732 1.049 0.1748 1.05 
1800 6.906 7.014 0.912 1.298 0.2163 1.30 
2100 6.906 6.950 1.052 1.511 0.2518 1.51 
2400 6.906 6.966 1.234 1.769 0.2949 1.77 
3000 6.906 7.069 1.548 2.186 0.3644 2.19 
3600 6.906 6.924 1.925 2.776 0.4626 2.78 
5400 6.906 7.067 2.796 3.950 0.6583 3.95 
9000 6.906 6.805 4.525 6.640 1.1067 6.64 
 
 
 
 
 
 
  
y = 0.000123x - 0.002848
R² = 0.999315
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Table 4.3.  K
+
, run 3: [NDG-16-67] 
 
time, 
seconds 
standard, 
µmol  
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
1500 6.906 7.195 0.685 0.950 0.1584 0.95 
1800 6.906 7.118 0.808 1.133 0.1889 1.13 
2100 6.906 7.168 0.941 1.311 0.2185 1.31 
2400 6.906 7.360 1.112 1.511 0.2518 1.51 
3000 6.906 7.097 1.387 1.953 0.3255 1.95 
3600 6.906 7.261 1.583 2.178 0.3631 2.18 
5400 6.906 7.048 2.375 3.365 0.5608 3.36 
9000 6.906 6.938 4.189 6.029 1.0048 6.03 
 
 
 
 
 
 
  
y = 0.000111x - 0.013465
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Table 4.3.  Me4N
+
, run 1: [NDG16-52] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.91 7.000 0.000 0.000 0.0000 0.00 
180 6.91 7.164 0.353 0.491 0.0819 0.49 
240 6.91 7.143 0.458 0.640 0.1066 0.64 
300 6.91 7.154 0.692 0.778 0.1296 0.78 
360 6.91 7.154 0.692 0.966 0.1610 0.97 
420 6.91 7.143 0.833 1.169 0.1948 1.16 
 
 
 
ki =  4.56981E-07 mol∙L
-1∙s-1 
 
  
y = 0.00046x - 0.00145
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Table 4.3.  Me4N
+
, run 2: [NDG16-53] 
 
time, 
seconds 
standard, 
mol  
standard,  
area 
product, 
area 
product,  
µmol 
product, 
[M]  
x 1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
180 6.906 7.097 0.380 0.534 0.0890 0.53 
240 6.906 7.131 0.507 0.710 0.1183 0.71 
300 6.906 7.180 0.646 0.898 0.1497 0.90 
360 6.906 7.296 0.791 1.082 0.1804 1.08 
420 6.906 7.240 0.922 1.272 0.2119 1.27 
 
 
  
y = 0.00050x - 0.00111
R² = 0.99979
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Table 4.3.  Me4N
+
, run 3: 
 
time, 
seconds 
standard, 
mol  
standard,  
area 
product, 
area 
product,  
µmol 
product, 
[M]  
x 1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
180 6.906 7.173 0.372 0.518 0.0863 0.52 
240 6.906 7.153 0.518 0.723 0.1205 0.72 
300 6.906 7.035 0.644 0.913 0.1522 0.91 
360 6.906 7.163 0.774 1.079 0.1798 1.08 
420 6.906 7.240 0.922 1.272 0.2119 1.27 
 
 
  
y = 0.00215x + 0.01735
R² = 0.99714
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Table 4.3.  Et4N
+
, run 1: [NDG16-50] 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.91 7.000 0.000 0.000 0.0000 0.00 
60 6.91 7.284 0.627 0.847 0.1412 0.85 
90 6.91 7.243 0.913 1.258 0.2097 1.24 
120 6.91 7.133 1.235 1.751 0.2919 1.70 
180 6.91 7.117 1.769 2.516 0.4193 2.45 
240 6.91 7.109 2.309 3.287 0.5478 3.20 
300 6.91 7.105 2.794 3.980 0.6633 3.87 
360 6.91 7.083 3.239 4.628 0.7714 4.50 
 
 
  
y = 0.00051x - 0.00138
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Table 4.3.  Et4N
+
, run 2: [NDG16-51] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.81 7.000 0.000 0.000 0.0000 0.00 
60 6.81 7.139 0.586 0.808 0.1347 0.81 
90 6.81 7.276 0.877 1.186 0.1976 1.19 
120 6.81 7.171 1.156 1.587 0.2645 1.59 
180 6.81 7.129 1.690 2.334 0.3889 2.33 
240 6.81 7.180 2.195 3.009 0.5014 3.01 
300 6.81 7.091 2.657 3.689 0.6148 3.69 
360 6.81 7.058 3.114 4.159 0.6931 4.34 
 
  
y = 0.00195x + 0.02053
R² = 0.99526
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Table 4.3.  Et4N
+
, run 3: [NDG16-49] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.91 7.000 0.000 0.000 0.0000 0.00 
60 6.91 7.220 0.669 0.925 0.1542 0.93 
90 0.00 7.150 1.126 1.572 0.2621 1.57 
120 6.91 7.076 1.271 1.794 0.2989 1.79 
180 6.91 7.156 1.818 2.536 0.4227 2.54 
240 0.00 7.096 2.326 3.273 0.5455 3.27 
300 6.91 7.112 2.834 3.979 0.6631 3.98 
360 0.00 6.945 3.315 4.766 0.7943 4.77 
 
 
 
 
 
  
y = 0.00214x + 0.03194
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Table 4.3.  Pr4N
+
, run 1: [NDG16-47] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
45 6.906 7.221 0.838 1.159 0.1932 1.16 
60 6.906 7.094 1.082 1.523 0.2538 1.52 
90 6.906 7.050 1.539 2.179 0.3632 2.18 
120 6.906 7.120 1.995 2.798 0.4663 2.80 
180 6.906 7.116 2.865 4.021 0.6701 4.02 
240 6.906 7.096 3.644 5.127 0.8546 5.13 
300 6.906 6.988 4.298 6.141 1.0235 6.14 
360 6.906 6.948 4.944 7.105 1.1842 7.11 
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Table 4.3.  Pr4N
+
, run 2: [NDG16-48] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
45 6.906 7.301 0.809 1.106 0.1843 1.11 
60 6.906 7.311 1.042 1.423 0.2372 1.42 
90 6.906 7.161 1.466 2.044 0.3407 2.04 
120 6.906 7.100 1.900 2.672 0.4453 2.67 
180 6.906 7.134 2.739 3.833 0.6388 3.83 
240 6.906 7.082 3.425 4.828 0.8047 4.83 
300 6.906 7.027 4.087 5.806 0.9677 5.81 
360 6.906 6.974 4.812 6.889 1.1482 6.89 
 
 
  
y = 0.00312x + 0.04548
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Table 4.3.  Pr4N
+
, run 3: [NDG16-48] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
45 6.906 7.270 0.752 1.033 0.1721 1.03 
60 6.906 7.291 1.002 1.372 0.2286 1.37 
90 6.906 7.224 1.405 1.942 0.3236 1.94 
120 6.906 7.136 1.877 2.626 0.4377 2.63 
180 6.906 7.032 2.647 3.759 0.6265 3.76 
240 6.906 7.154 3.392 4.734 0.7890 4.73 
300 6.906 7.036 4.147 5.885 0.9808 5.88 
360 6.906 6.962 4.639 6.652 1.1087 6.65 
 
 
  
y = 0.00309x + 0.03989
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Table 4.3.  Bu4N
+
, run 1: [NDG16-43] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 9.338 7.000 0.000 0.000 0.0000 0.00 
45 9.338 9.751 0.809 1.120 0.1867 1.12 
60 9.338 9.557 0.982 1.387 0.2311 1.39 
75 9.338 9.594 1.241 1.746 0.2910 1.75 
90 9.338 9.574 1.464 2.065 0.3441 2.06 
120 9.338 9.466 1.856 2.647 0.4412 2.65 
180 9.338 9.621 2.710 3.804 0.6340 3.80 
240 9.338 9.343 3.423 4.946 0.8243 4.95 
300 9.338 9.341 4.064 5.873 0.9789 5.87 
 
 
  
y = 0.00324x + 0.03758
R² = 0.99607
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 100 200 300 400
p
d
t 
c
o
n
c
.,
 [
M
] 
X
 1
0
0
0
time, sec
493 
Table 4.3.  Bu4N
+
, run 2: [NDG16-44] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 9.338 7.000 0.000 0.000 0.0000 0.00 
30 9.338 9.639 0.648 0.907 0.1512 0.91 
45 0.000 9.539 0.969 1.371 0.2286 1.37 
60 9.338 9.431 1.305 1.868 0.3113 1.87 
75 9.338 9.481 1.666 2.372 0.3953 2.37 
90 0.000 9.384 1.985 2.856 0.4760 2.86 
120 9.338 9.466 2.382 3.397 0.5662 3.40 
180 9.338 9.506 3.331 4.730 0.7883 4.73 
240 0.000 9.365 4.099 5.910 0.9849 5.91 
300 9.338 9.333 4.639 6.710 1.1184 6.71 
 
 
  
y = 0.00372x + 0.07743
R² = 0.98102
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Table 4.3.  Bu4N
+
, run 3: [NDG16-45] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 9.338 7.000 0.000 0.000 0.0000 0.00 
30 9.338 9.581 0.582 0.819 0.1366 0.82 
45 0.000 9.568 0.854 1.205 0.2008 1.20 
60 9.338 9.592 1.127 1.586 0.2644 1.59 
75 9.338 9.514 1.450 2.058 0.3429 2.06 
90 0.000 9.514 1.630 2.313 0.3855 2.31 
120 9.338 9.527 2.068 2.930 0.4883 2.93 
180 9.338 9.449 2.929 4.184 0.6973 4.18 
240 0.000 9.382 3.848 5.537 0.9228 5.54 
300 9.338 9.317 4.471 6.478 1.0796 6.48 
 
 
  
y = 0.00359x + 0.04287
R² = 0.99484
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Table 4.3.  Hexyl4N
+
, run 1: [NDG16-62] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
90 6.906 7.386 0.856 1.159 0.1931 1.16 
120 6.906 7.533 1.122 1.487 0.2478 1.49 
180 6.906 7.276 1.652 2.268 0.3779 2.27 
240 6.906 7.273 2.155 2.958 0.4929 2.96 
300 6.906 7.236 2.739 3.780 0.6299 3.78 
360 6.906 7.360 3.209 4.353 0.7255 4.35 
420 6.906 7.264 3.744 5.146 0.8577 5.15 
 
 
  
y = 0.002031x + 0.006509
R² = 0.999239
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Table 4.3.  Hexyl4N
+
, run 2: [NDG16-63] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
60 6.906 7.419 0.682 0.917 0.1529 0.92 
75 6.906 7.426 0.825 1.109 0.1848 1.11 
90 6.906 7.354 1.002 1.360 0.2267 1.36 
120 6.906 7.435 1.284 1.724 0.2874 1.72 
180 6.906 7.354 1.913 2.597 0.4328 2.60 
240 6.906 7.448 2.576 3.453 0.5755 3.45 
300 6.906 7.323 3.180 4.336 0.7227 4.34 
360 6.906 7.179 3.617 5.031 0.8384 5.03 
420 6.906 7.367 4.186 5.674 0.9457 5.67 
 
 
  
y = 0.002279x + 0.016240
R² = 0.998061
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Table 4.3.  Hexyl4N
+
, run 3: [NDG16-64] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
60 6.906 7.230 0.744 1.029 0.1715 1.03 
75 6.906 7.106 0.965 1.355 0.2259 1.36 
90 6.906 7.239 1.152 1.588 0.2647 1.59 
120 6.906 7.116 1.436 2.015 0.3358 2.01 
180 6.906 7.451 2.164 2.899 0.4831 2.90 
240 6.906 7.295 2.905 3.976 0.6627 3.98 
300 6.906 7.309 3.416 4.668 0.7781 4.67 
360 6.906 7.221 4.020 5.556 0.9260 5.56 
420 6.906 7.102 4.433 6.232 1.0387 6.23 
 
 
  
y = 0.002475x + 0.032061
R² = 0.996511
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Table 4.3.  Octyl4N
+
, run 1: [NDG16-56] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
60 6.906 7.297 0.595 0.813 0.1356 0.81 
75 6.906 7.157 0.790 1.102 0.1836 1.10 
90 6.906 7.010 0.945 1.346 0.2243 1.35 
120 6.906 7.146 1.175 1.642 0.2736 1.64 
150 6.906 7.053 1.487 2.112 0.3520 2.11 
210 6.906 7.049 1.980 2.802 0.4670 2.80 
270 6.906 7.144 2.706 3.784 0.6306 3.78 
330 6.906 7.173 3.246 4.517 0.7529 4.52 
360 6.906 7.099 3.401 4.783 0.7972 4.78 
 
 
 
 
  
y = 0.002234x + 0.009723
R² = 0.998153
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Table 4.3.  Octyl4N
+
, run 2: [NDG16-57] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 7.198 7.000 0.000 0.000 0.0000 0.00 
90 7.198 7.254 0.816 1.172 0.1953 1.17 
120 7.198 7.356 1.050 1.486 0.2476 1.49 
180 7.198 7.269 1.521 2.178 0.3629 2.18 
240 7.198 7.169 2.053 2.982 0.4969 2.98 
300 7.198 7.060 2.481 3.657 0.6095 3.66 
360 7.198 7.284 3.074 4.391 0.7318 4.39 
 
 
 
 
  
y = 0.002035x + 0.001960
R² = 0.999694
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Table 4.3.  Octyl4N
+
, run 3: [NDG16-xx] 
 
time, 
seconds 
standard, 
µmol 
standard,  
area 
product, 
area 
product, 
µmol 
product, 
[M]x1000 
product, 
% 
0 6.906 7.000 0.000 0.000 0.0000 0.00 
60 6.906 7.312 0.660 0.901 0.1502 0.90 
75 6.906 7.342 0.842 1.144 0.1906 1.14 
90 6.906 7.354 0.977 1.326 0.2210 1.33 
120 6.906 7.322 1.257 1.714 0.2856 1.71 
180 6.906 7.307 1.808 2.469 0.4116 2.47 
240 6.906 6.220 1.993 3.199 0.5332 3.20 
300 6.906 6.827 2.659 3.889 0.6482 3.89 
360 6.906 7.199 3.288 4.560 0.7599 4.56 
 
 
 
 
  
y = 0.002108x + 0.019574
R² = 0.997028
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